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A b strac t
The surfaces of pure and potassium promoted cobalf-manganese oxide as well as 
iron-based catalysis have been characterised before and after vario is treatments.
The effects of reduction and carburisation of cobalt-manganese oxide catalyst 
surfaces is reported. CO-hydrogenation over pure and potassium-promoted cobalt- 
manganese oxide was also undertaken. Finally, various aspect; of hydrogen sulphide 
poisoning of an industrial iron-besed catalyst during CO-hydrogenation were investi- 
galed.
A miniature high pressure reactor (15 bar) interfaced to the UHV chamber and a 
gas chromatogram enabled ”m situ” surface analysis by XFS and AES to be carried 
out between successive catalyst treatments, as well as monitoring of CO-hydrogenation 
product distributions.
The surface composition of the cobalt-manganese oxide catalysts was shown to 
differ considerably with respect to the bulk. There was significant depLtion of surface 
cobalt, especially after reduction, and there was evidence to indicate that reduction of 
the cobalt was bulk initiated. Potassium segregated to the surface and inhibited efficient 
reduction of the surface cobalt in the Co/MnO catalyst. Pure CO re -oxidised the surface 
cobalt, reduced all the manganese to MnO, gave rise to graphite deposition, CO2 1 at 
the surface and bulk carbide formation. Large quantities of light hydrogenated carbon 
or nC2Hy” species were observed at the surface after CO-hydrogenation treatments, 
and a small amount of bulk-carbon was only detected with the potassium promoted 
Co/MnO. Both these factors serve as testimony to the higher hydrogenation activity 
and can also contribute to explaining the longer catalyst lifetimes shown by Co/MnO 
compared to Fe/Mn and industrial iron-based CO-hydrogenation catalysts. Small 
amounts of oxygenated carbon were also observed, and this was more pronounced over 
the potassium promoted catalyst.
H)3 selectively attacked the potassium when sulphur poisoning treatments were 
administered to an industrial iron-based catalyst between CO-hydrogenation treat­
ments. Correlations between hydrocarbon selectivities, sulphur dosages and treatment 
conditions, as well as surface studies, enabled a theory on the possible mechanism of 
H=S interaction with the catalyst to be proposed.
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1. G en era l In tro d u ctio n
1.1. T he C O -hydrogenation reaction  (Fischer-Tropsch process)
In 1902 the first carbon monoxide - hydrogenation reaction war reported. Sabatier 
and Senderens passed carbon monoxide (CO) and ard hydrogen (H2 ) gas over cobait 
and nickel and produced methane (ij. BASF latar used high pressures of CO and 
along with cobalt catalysts to produce liquid products in 1913 12],
It was not until the early 1920’s when further work into CO-hydrogen it ion was 
undertaken by two Germans, Franz Fischer and Hans Tropsch, and interest in the 
subject was rekindled resulting in the Fischer-Tropsch (F-T) process. This v eil known 
and well reported process involves the reaction of steam and coal to produce synthesi. 
ip.a (CO and H2) and the subsequent catalysed reaction of this gas to form hydrocarbons. 
The technology was discovered in Germany and is named after the two scientists 
responsible for pioneering work in this field. Fischer and Tropsch’s initial work reported 
the production of hydrocarbons and oxygenated derivatives using alkali treated iron 
shavings at high pressures (3|. Because these catalysts exhibited rapid deactivation, 
and a high tendency towards oxygenate production, further research in order to find 
a more viable catalyst was pursued. Zmc oxide was added to Fischer and Tropsch’s 
original catalyst (4j, and the use of lower reaction pressures was found to lower the 
oxygenated hydrocarbon selectivity, but short catalyst lifetimes were still a problem. 
This led to the use of the more expensive cobalt type catalysts which consisted mainly of 
Co,ThC>2 MgO and Kieseighur (5), (with relative mass units in the order of 100:5:8:200 
respectively). Industrialisation of the process followed in 1936 and found large scale 
application in Germany during World War II. The discovery by Pichler in 1936 that the 
lifetime cf iron catalysts is largely improved by the use of higher pressures |6] was not 
followed up by German firms during World War II. It was not until after the war that 
iron catalysts were used in commercial synthetic fuel plants.
Today the only commercial synthetic fuel plants in operation which are based on 
the F-T reaction are those owned by the SASOL company in South Africa, as the low oil 
price in the J950’s led to the closure of most of the then commercially operated plants 
in Europe and the United States. As was the case m Germany prior to World War II,
I
South Africa is inclined to pursue the synthetic fuels path for strategic and political 
reasons.
This is a very brief account of the development of the F-T process, there are however 
numerous books and reviews available on the topic which contain a substantial amount 
of information {6-9], Othev facets of the F-T process, including the industrial operation 
of F-T plants, as well as reactor types and operations, have been reviewed by Dry i5i.
1.2. C G -hydrogenufion m echanism s
Product distributions in F T. synthesis are conveniently explained using the Schulz- 
Flory polymerisation model. The Schuh-Flory distribution is a combination of Schulz’s 
equation for radical polymerisation of vinyl monomers [10], and Flory’s linear conden­
sation polymerisation expression [11]. The resulting equation is widely used in F-T 
catalysis for predicting hydrocarbon product distribution models. There are however 
cases where these models do not work, and looking at possible reaction mechanisms is 
then of value.
The F-T reaction mechanism, (or mechanisms) has been a topic of considerable 
debate with a number of different poeais being put fox ward. The most well 
known being the carbide, the hydroxy-carbene and the CO insertion mechanisms. 
Other mechanisms, including variations and combinations of the above have also been 
propomed.
The carbide mechanism involves CO dissociation prior to interaction with Ho 
followed by insertion of a CH* group from a M-CH* unit so formed into the M-C 
bond, as was first proposed by Fischer and Tropsch 14]. They proposed a mechanism 
proceeding via hydrogenation of a metal carbide followed by polymerisation of these 
metau methylene complexes to form hydrocarbons. Product formation is via beta- 
elimmation or hydrogenation resulting in cleavage of the M-G bond. This mechanism 
may be schematically represented as follows:
t  » C H * — * C H j - R - - *  hy<iocari»oas 
M M  M
2
This mechanism has been extensively reviewed by Muetterties and Stein {12}, Brady 
and Petit (13] [14], Hermann [15], Hennci-Oiive and Olive [16], Roder and Wernei 
[17] and others. Although there is considerable proof for the validity of the carbide 
mechanism, it does not fully explain all the products observed during F-T synthesis, 
especially oxygenated hydrocarbons.
The hydroxy-carbene mechanism involves CO adsorption onto tue metal to form  
an M = C ~ 0 species which interacts with two M-H units to form the M-CHOH (or 
hydroxycarbene) intermediate. C-C bond formation then takes place via a condensation 
reaction inv ’ving two M-CHOH and two M-H units to produce M=CCHsOH and HgO. 
This process continues and results in formation of an M~C(R)OH species. F-T product 
formation is facilitated by dehydration, along with hydrogenation, resulting in the 
formation of a  hydrocarbon. Alternatively, desorption of the products is facilitated by 
hydrogenation of the intermediate to form an alcohol. The hydroxy-carbene mechanism 
may be schematically represented as follows:
O HO H HO C H , HO R
3 _  v ' _____ _ h y d r o c a r b o n s
This mechanism was first developed and proposed by Storch, Golumbic and Ander­
son [7]. Kummer and Emmet (18), provided evidence that was shown to more success­
fully explain the observed F-T products. Variations of this mechanism where car bene 
or M=CH% intermediates also play a role have beer proposed by Voevodski et of. [19], 
Hamai (20], and Ekstroom et al. [21i.
The CO insertion mechanism involves CO insertion into the M-H bond of a 
MH(CO)* unit derived from the interaction of M(CO)z and Hg. The CO insertion is 
coupled to hydrogenation and results in a MCH3 (CO)*- i unit. MCH3 (CO)e is formed 
when another carbonyl is attached to the metal site. Hydrocarbon chain propagation 
then proceeds via further CO insertion into the M-C bond, resulting in MCOR(CO)a:_ t 
which can unde go a number of desorption reactions to form various oxygenates and 
hydrocarbons. The mechanism may schematically be represented as follows:
O R
H — , CM, — ' CH3   C — *
M C O >, M «;<)L  M(COIx M (C 0 V
3
This mechanism was first put forward by Pichler and Schulz (22] and was derived 
from analogous homogeneous co-ordination chemistry. A common variation of this 
mechanism is the formyi mechanism whereby CO groups do not necessarily have to be 
on «,he same metal atom. This mechanism has been extensively reviewed by Muetterties 
and Stem [12], Rofer-De Poorter [23] and Henrici-Olive and 01tv£ [16]{24].
The three mechanisms thus far mentioned ail discuss the type of Ci species present, 
and not one can be discounted completely. To date the carbide mechanism has received 
the most support; however, the fact that the wide range of products observed during F-T 
synthesis differs with changing reaction conditions and different catalyst types, indicates 
that the process is far more complex. Thermodynamic and kinetic considerations 
must be taken into account and indeed more than one mechanism may be operating. 
Numerous other mechanisms have been proposed some of which combine more than one 
of the above general schemes and of special significance here are those reviewed by Dry
W-
1.3 Catalyst; su p p o rts  and  prom oters
Promoters and supports are added to catalysts in order to modify their activities 
by increasing the active surface area and/or changing the electronic properties of the 
catalyst so as to obtain a desired product distribution.
For an iron catalyst supported on alumina, the alumina has been termed a 
structural promoter [25], meaning that the role of the alumina is to enlarge the active 
iron surface area by inhibition of iron crystal growth (26). An analagous effect can be 
expected with other non-reducable metal oxides, and according to Dry d  al. -27], the 
effectiveness sequence of metal oxides in increasing the BET area is:
Al70 3 > T i0 2 > Cr20 3 > MgO > M nO =■ CaO > S i0 2 ^  BeO
It is also well known that the stronger bases of the Group I metals, such as K20 , are 
key promoter components in iron based catalysts in that they markedly effect both 
the catalyst activity and (especially) the selectivity. Such promoters that have a high 
"basicity" result in the catalyst surface having a higher electron density, which in turn 
modifies the catalyst’s surface chemistry, and this has important consequences on the 
product distributions.
'-— Mm
Promoters that are employed to modify the catalyst selectivity are termed ’’chemi­
cal” promoters. In most cases however, chemical promoters have a dual functionality in 
that they also contribute to increasing the active surface area, because most promoters 
employed in F-T synthesis catalysts are less readily reduced than the active metal cen­
tres. Basic alkalis readily form compounds with many of the commonly used supports 
such as silica and alumina |5j.
In contrast to iron, the F-T synthesis performance of cobalt and ruthenium catalysts 
has been shown to be independent of the presence of chemical promoters when operating 
at high pressures jS), but when operating at atmospheric pressures, promotion with alkali 
and thoria increases wax production [5]. The main reason for incorporating supports 
with the early industrial cobalt and ruthenium F-T catalysts was therefore to increase 
catalyst activities by ensuring higher active surface areas (5j.
1.4. C a ta ly s t deactivation
Fischer-Tropsch catalysts may lose their activity as a result of a number of factors 
These include; conversion of the active phase (metal) to an inert phase (oxide); loss 
of surface area due to crystallite growth for sintering); loss of active surface area due 
to excessive build-up of carbonaceous material (or "fouling”); and finally, chemical 
poisoning of the surface (for example, by sulphur) (5j.
The mechanism of deactivation by oxidation and sintering is well established, and 
both processes arc facilitated by the presence of water vapour in F-T reactors. Oxidation 
and sintering of the catalyst are shown to occur due to prolonged use under normal F-T 
process conditions.
The effect of excessive carbon build-up or "fouling” also becomes critical with 
prolonged use of the catalyst in the F-T reactors. This fouling occurs due to wax build­
up over the catalyst which in turn slows down the rate of diffusion of reactants, thereby 
slowing down the rate of reaction and hydrocarbon product formation.
Catalyst poisoning usually results from the presence of sulphur and sulphur con­
taining compounds (for example, HgS, COS and CgHgSH) in the F-T reactors. Due 
to the high sulphur content in South African coal, sulphur breakthroughs pose a prob­
lem at Sasol [28]. Sulphur has to be removed from the synthesis gas in a Rectisol or
scrubbing plant prior to being sent to the F-T reactors. Although it has long been 
known that sulphur compounds rapidly deactivate iron, nickel and cobalt catalysts the 
effect that alkali bar on the mechanism by which this takes place is poorly understood. 
Since electronegative sulphur and sulphur compounds readily react with iron (to form 
FeS), and strong alkalis (for example, potassium and potassium compounds), one would 
expect that all electronegative species would act as poisons. This however is not the 
case, since fluoride ions do not have an adverse effect o*. the suavity of iron catalysts, 
whereas bromide and chloride ions deactivate iron [5]
1.5. Surface characterisation  and  catalysis
In heterogeneous catalysis knowledge of the cataiyst surface composition is essential 
in providing an informed picture of how the catalyst operates. This is especially true 
for F-T catalysis, as the surface is the region where feed gas is converted into useful 
hydrocarbon product. Furthermore, surface compositions often vary considerably with 
respect to bulk compositions. Surface segregation of different elements or molecules from 
the bulk phase occurs in most heterogeneous solids, particularly when they are subjected 
to elevated temperatures and presi xic* (as is the case in F-T catalysis). The surface 
is also the region where reaction intermediates can be observed, and this allows scope 
for mechanistic interpretations. It is also the region that must undergo changes during 
reduction since this activates the catalyst, and as well as during CO-hydrogenation, 
since the F-T product spectrum is known to change with reaction time over a given 
catalyst. The catalyst eventually !oses activity, indicating that the catalyst surface 
composition must undergo changes as the F-T reaction proceeds.
It was not until the begining of the 1970’s that scientists developed efficient ways for 
analysing surfaces at atomic levels. Numerous techniques exist today for the analysis of 
surfaces and there are a number of textbooks which review these (29-31). Two of these 
techniques are relevant to the work in this dissertation, namely, X-ray photoeiectron 
spectroscopy (XPS) and Auger electron spectroscopy (AES).
The XPS technique, also sometimes referred to as ”ESCA” (or Electron Spec­
troscopy for Chemical Analysis) was pioneered by Siegbahn and his co-workers [32]
6
culminating in his winning a Nobel prize for physics in 1981, The principle underlying 
the XPS L. t'*'^iie is simple. Briefly, monochromatic X-rays irradiate a polio surface 
causing photoelectrons to be liberated from their bound states. (See Figure 1.1). The 
kinetic energy (KE) of an emitted electron is directly proportional to it’s core level 
binding energy (BE) when exposed to radiation of energy hv by the relationship
BE ~ hv -  KE -  o (1)
where 4> is the photoeiectron spectrometer work function.
Although X-rayr. a r  known to penetrate solids to appreciable depths it is the depth 
from which the photoelectrons are emitted without loss of energy that allows XPS to 
be used as a surface sensitive technique. The photoeiectron escape depth is in the range 
of 10 to 20 A6 [33] and is dependent on the electron kinetic energy [34;. The XPS 
signal can be shown to be comprised of approximately 30% from the outermost atomic 
layer with 60% coming from about the next three layers [33|, when using normal X- 
ray sources. The XPS technique exploits chemical shift data to characterise surfaces 
The "chemical shift” is the difference in binding energy of core level electrons due to 
atoms of the same element being chemically non-equivalent. Non-equivalence of atoms 
can arise in several ways namely, by differences in formal oxidation state, differences in 
molecular environment, differences in lattice site and so on. An important chemical shift 
consideration is the fact that the core level binding energy of electrons in a specific atom 
investigated increases as the electronegativity of the attached atom or groups increase. 
Along with chemical shift information, XPS also gives information as to the the radios 
of atomic species at the surface. (See experimental < vpter).
Shake-up satellites
Shake-up satellites are of particular relevance to the work in this dissertation, especially 
in the interpretation of various XPS spectra recorded. Basically, these structures are 
formed because valence electrons of atoms associate loss of a core electron with an 
increase in nuclear charge. This gives rise to a re-organisation of the valence electrons 
(referred to as relaxation) which may involve the electrons being excited to a higher 
valence level. (This process is known as a "shake-up”). The energy required for this 
transition is not available to the primary photoeiectron and this leads to a discreet 
structure on the lo\ KE side (or high BE) of the main photoeiectron peak [31].
Aygff B W rop  g p^ tm copy
Th« AES technique is based on the detection of secondary electrons emitted trom 
which aK irradiated with an electron berm. These secondary (or Auger) 
are named after the man who discovered them n  1925 [35]. An Auger electron
is osti which is emitted from an outer level of an atom with the same energy as that 
released by the S ling of a  core hole. The ability to scan small areas facilitated by 
the small electron beam width allows AES to be used as a microscopic surface tool. 
Although the technique does not impart as much chemical information as XPS, it is 
very useful for studying amorphous and inhomogeneoua surfaces, especially when used
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Figure 1.1. Diagram of the photoelectric process (top) and the Auger process
1.6. A im s of th is  d issertation
The aim of the work undertaken was twofold:
1: To provide further insight into the functioning of cob ..-manganese oxide F-T 
catalysts.
Cobalt-manganese oxide catalysts have been developed and tested by the University 
of the Witwatersrand's catalysis research programme (36). Cobalt-manganese oxide 
(Co/MnO) catalysts consisting originally of mixed oxides of cobalt and manganese are 
known to give rise to high short chain olefin yields when operating under certain F-T 
conditions [36j. The promotion of cobalt catalysts with MnO at low cobalt loadings, for 
example 5%, gives# rise to nigh C3 hydrocarbon selectivities (37). Optimisation studies 
have shown that these catalysts can have high activity coupled to long lifetimes with 
respect to both industrial iron and iron-manganese oxide (Fe/MnO) r xtalysts, as well 
as giving high propene and low Ci and C3  hydrocarbon yields (36).
2: To investigate the interaction of sulphur (from hydrogen sulphide) with an iron-based
industrial F-T catalyst.
More specifically, catalyst surfaces were studied by XPS and AES. The equipment 
used (see experimental section) enabled the surface to be characterised after successive 
reactions over the catalyst, or between successive treatments without the catalyst being 
exposed to ambient atmosphere. Products of reactions were determined by standard 
gas chromatography (or GC) techniques in order to facilitate correlations between 
hydrocarbon distributions and the surface composition of the catalysts.
C h a p ter  2 . E x p er im en ta l
2 .1  In tro d u c tio n
As mentioned in Chapter 1, photoelectron spectroscopy provides valuable informa­
tion as to the chemical composition of the first few surface atomic layers of a solid. 
There are however problems associated with studying the surfaces of "working” het­
erogeneous catalysts. To give a good reflection of the catalyst’s state under reaction 
conditions, the sample should be prepared under conditions as close as possible to " real" 
catalytic ones. This includes the period during which the sample is transferred from 
the catalytic reactor to the surface analysis chamber. In particular, the catalyst surface 
should not be exposed to any atmosphere other than that similar to the one under 
which the reaction was performed. This usually poses a problem since photoelectron 
spectroscopic techniques, including XPS and AES, requite ultra high vacuum (UHV) 
conditions so as not to inhibit the mean free path of photoelectrons between the sample 
and electron analyser. Real in s itu  testing of the catalyst surface is thus not possible 
since the mean free path of electrons would be too small for them to be detected. 7 e 
best approximation is to quench the state of the reacting surface by rapidly exposing 
the working catalyst to UHV [38]. This may be achieved by installing a high pressure 
catalytic reactor either inside [39], or outside [40-42] the UHV analysis chamber. For 
the purpose of studying heterogeneous catalysis the latter option seems to be the more 
favourable one since it is technically less complicated and working atmospheres would 
not be as restricted (38j. The work described here was carried out using an external 
high pressure reactor linked to a UHV surface analysis chamber, via a sample trans­
fer system, incorporating suitable pumping and vajving arrangements. This enabled 
sequential reaction and surface analysis experiments to be carried cut over the F-T 
catalysts. Coupled to the reactor is an on-line gas chromatograph for the detection and 
analysis of hydrocarbon products. Correlations between observed products as well as 
product distributions and the catalyst surface composition are thus facilitated.
2.2. E quipm ent
The equipment used has been extensively reviewed [42j|43].
2.2.1. The com bined high pressure reacto r - surface analysis system
A Vacuum Generators (VG) "Solar 300” surface analysis UHV chamber constructed 
chiefly of mu-metal is the central feature. This is pumped by an Edwards £04 oil 
diffusion pump and liquid nitrogen cold trap both with water cooled baffles. Additional 
pumping is provided by a VG titanium sublimation pump and Vartan ion pump which 
separately pumps the X-ray source. A base pressure of approximately 4 x 1 0 ” 10 mbar 
if obtainable. A VG "CLAM 100" system consisting of an X-ray source with Mg/Al 
dual anode for XPS, as well as an LEG61 electron gun for AES, is attached to the 
UHV chamber. (See Figure 2.1). Also attached to the UHV chamber is a VG AG2 ion 
gun. The x-ray and electron sources share the same detector which is a 150* spherical 
sector electron analyser with a channeltron detector. The sample for photoelectron 
spectroscopic analysis is vertically mounted to a high precision (manually operated) 
manipulate, or translator. The translator has X Y Z  movement along with a full 360° 
rotation about the Z  direction. In addition to this the manipulator has an azimuthal 
rotation of 180® around the centre of the sample along with a tilt nr chan ism which 
moves away from Z.
The external hPZ 10 high pressure reaction chamber, capable of withstanding 
pressures up to about 15 bar is linked to the UHV chamber via a Leybold-Heraeus VLP 
10/63 introduction chamber. (See Figure 2.2). This chamber is in turn pumped by a 
turbomolecular pump attached to the roof of the chamber and base pressures of 5 x 10
i ibar are obtainable. The introduction chamber is separated from the UHV chamber by 
a viton-sealed gate valve. A cylindrical rod with a cavity in which the sample is held is 
driven horizontally by a mechanized rod drive. Movement of the catalyst sample from 
the reaction chamber to the introduction chamber is via a short section of differentially 
pumped viton O-.ings which seal directly onto the sample rod.
Catalyst discs were mounted ontc a specially designed sample holder consisting of 
a rectangular molybdenum metal sheet with an area of 12 x 17 mm. The metal sheet 
is bent to form a U-shaped girder and relatively large end pieces are attached to it in 
order to provide mechanical strength. Gold or molybdenum clips fastened by means of 
screws were used to secure the catalyst discs to the front cf the sample holder. (See 
Figure 2.3).
Figure 2.1. Schem&tic the "CLAM 100" symlem attached to the "Solar 300" UHV
chamber.
The sample and holder fits "face down" into the recess in the sample transfer
rod and is held there by means of three copper conductors of which one can move 
2mm along the axis of the rod vi* a manually operated spring loaded cam drive. 
Treatments are administered with the catalyst "face down" within +he rod's recess 
in the reaction chamber. Temperatures for the various treatm ents are controlled and 
administered by means of passing AC current through the sample via the copper 
conductors in the rod. The treatm ent tem perature is monitored by a chromei-alvmel 
thermocouple wWch is screwed vertically down through a valve (see Figure 2X) into
i I
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Fig ire 2.2. Schematic of the high pressure reactor (or HPR) - UHV system.
the react ion chamber to touch the b^ck of the sainp’e holder (now the molybdenum 
heater). To ensure that temperature measurements could be made without making 
electrical contact between the thermocouple and sample holder, a diamond (because of
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Figure 2.3. The transferable sample holder (viewed "face up”).
diamond’s excellent heat conduction and very high electrical resistance), was attached 
to the tip of the thermocouple [441 as in Figure 2.4. With prolonged use however, the 
diamond became dislodged, and so for subsequent reaction sequences a flat diamond 
with a large surface area was attached to the back of the sample holder (45). In both 
cases, the diamond was attached by means of orazing to the metal using a gold-based 
eutectic brazing alloy.
Measured temperatures have been shown to be dependant on the degree of contact 
between the sample and sample holder. After certain treatments, the change in surface 
characteristics could only be explained if it was assumed that the actual treatment 
temperature was lower than the one measured experimentally. On examination of the 
current and voltage values across the sample holder, where such cases occurred, it was 
found that the applied currents and voltages were lower than for the other treatments 
where the "same” temperature was measured. Since the thermocouple in effect measures 
the temperature of the sample holder, this implies that thermal contact between the 
sample to d  sample holder was not as efficient as for the other treatments.
2.2.3. The gas handling system
The gas handling system, which incorporates purification traps, pressure regula n, 
flow meter control as well as an on line gas chromatograph (or GC), is directly linked
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Figure 2.4. Schematic of the thermoco pie used to monitor sample treatment 
temperatures in the HPR.
to the high pressure reactor. (See Figure 2.5). The arrangement of this equipment has 
been discuss 1 in much detail [43].
A Shimadzu HA gaa chromatograph with FID and TCD detectois was used to 
analyse hydrocarbon-containing gases that had passed over the catalyst in the reactor. 
2 ml volumes of product containing gas (tail gas) from the reactor were injected directly 
into the FID column of the GC for hydrocarbon separation via a sample loop. The 
stainless steel tubing between the reactor and GC, through which the tail gas flows, 
was heated to approximately 120 °C by nichrome resistance wire so as to prevent 
condensation of the gaseous hydrocarbon prodt cts.
1, 2, 3. Gas lines.
4. N*edle valve.
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Figure 2.5. Schematic of the gas handling system coupled to the high pressure 
reactor. (See following and preceding pages for a key to various components in the 
schematic).
5. 1 wo-way shut off valve.
6 . Right angle valve.
7. Two-way valves.
8 . Four-way valve.
9. Rotameter (fo' measuring high flowrates, typically 1350 ml/min.),
10. Mass how meter (measures slow flowrates, typically less than 10 ml/min.).
11. Pressure guages.
12. Sample loop to gas chromatograph.
13. Hydrocarbon trap (not used).
14. Sample ("face down") in sample holder.
15. Rotary pump.
16. GC detector output integratcr.
17. Pressure release valve.
18. "Go" pressure regulator.
19. Removable septum for injection of gases during catalyst poisoning experiments.
20 . Quick-connects to gas cylinders and the high pressure reactor.
2.3. Experimental conditions
Variations in experimental treatment procedures and specific treatm ent. equences 
are outlined at the beginning of each of the subsequent chapters where results are given 
and discussed.
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2.3.1 Sample preparation
Cobalt-manganese oxide catalysts with a Co/(Co 4- Mil) atomic ratio of between
0.45 and 0.50 were used. The catalyst preparation has been reported elsewhere [46] 
[47] and involves co-precipitation from cobalt and manganese nitrates at 70° C and a 
constant pH of 8.3 (according to guitilines first laid down by Maiti et a.1. (48|). Potassium 
promotion of the cobalt manganese oxide was achieved using the incipient wetness 
technique and co-precipitation of the cobalt and manganese salts in the presence of 
potassium carbonate [49]. Precipitation was followed by washing of the samples (with 
distilled water). drying and calcining at 500°C for 24 hours. Uncalcined catalyst samples 
give variable activities, and calcining has been shown to overcome this problem [50]. 
Calcining was followed by pressing a fixed mass of the catalyst powder into discs with 
a diameter of 8 mm which were 2 mm thick using a standard 15 ton press.
Preparation of the industrial iron catalyst samples is reported elsewhere [43] [51]. 
Briefly, samples were cut from fused lumps of magnetite to which a number of promoters 
had been added (see Chapter 5). A hollow diamond tipped drill was used to cut cylinders 
out of the fused material, from which discs (of the same size as the Co/MnO discs) 
where cut using a slow speed diamond saw. Polishing of the discs with water paper and 
alumina powder then followed before cleaning in an ultrasonic bath with AR acetone.
AH samples were attached to the molybdenum sample holder (see Figure 2.3) before 
being loaded into the sample rod and transfered to the combined HPR-UHV system for 
treatments and analyses.
2.3.2. Sam ple trea tm en t conditions
For all the experiments, high purity gases were used. (Argon (99.999%), Hs (Afrox 
VHP 99.999%), CO (99.9), in /CO mixtures UHP Ha was used along with 99.9% 
pure CO).
Apart from the reduction experiments performed on pure Co/MnO, all subsequent 
Ha treatments were administered using a measured temperature of 400* C and a pressure 
of 500 kPa.
For the CG-hydrogenation studies over Co/MnO with and without potassium 
promotion, the CO-hydrogenation treatments were administered using a measured 
temperature of 190°C and a pressure of 500 kPa. These conditions were selected using 
kinetic and reactor study data generated by van der Riet et cU. (47). The F-T or CO 
hydrogenation reactions were carried out using synthesis gas with a Ha :CO ratio of 
20:1, along with high flowrates (in the order rf  500 ml.min-1) over the sample.
The conditions for monitoring the effect of HgS poisoning on the synthesis activity 
of the industrial iron catalyst were the same as those employed in previous F-T studies 
on the catalyst [43]. It was also decided that sulphur injection or poisoning at low 
temperature would be a good starting point in the event of such poisoning studies 
being followed through more extensively (52|. CO-hydrogenation reactions over the 
iron catalyst were thus performed at 240° C using a pressure of 600 kPa, a flowrate of 
600 ml.min-' 1 and synthesis gas with a Hg :CO ratio of 20:1. Between F-T treatments.
2 ml HsS injections were administered at room temperature and with the pressure in 
the reactor being 100 kPa whilst the catalyst was in a pure Hg atmosphere. In order 
to administer the HgS, an air tight septum was fitted near the reactor inlet (see Figure 
2.5).
With both catalysts, the high flowrates and high CO ratios were used to 
prevent excessive build up of carbonaceous material on the catalysts which in turn 
would make surface analysis difficult in the sense that carbon would mask the other 
elements thereby making it difficult to analyse them using XPS, but more importrrtly, 
to prevent excessive outgaosing in UHV.
2.3.3. D ata collection conditions
The jas chromatograph’s FID detector was used to analyse the hydrocarbons 
produced by the CO-hydrogenation treatments.
A Porapak N (50/80) mesh column of length 2.2 m with helium carrier gas flowing 
through at a  rote of 35 ml.min’- 1 was used. The column temperature was programmed 
to increase as follows:
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Initial temperature : 38* C .
Final temperature 1 : 120°C .
Final temperature 2 : 140* C .
Rate of temperature increase : 10*C .min” 1.
Injection port temperature : 190* C .
Detector port temperature : 190® C .
Operating under these conditions, the GC could separate Ci to C$ hydrocarbons. 
Figure 2.6 shows a  typical GC trace recorded at 6  hours F-T synthesis over a potassium 
promoted Co/MnO sample.
Connected to the GC was a Spectra Physics SP 4290 integrator which allowed 
quantification of output peak areas. (An integrator attenuation of 1 was used for all 
the experiments).
An A1 (Ka) X-ray source {hi/ = 1486.6 eVt) was used for XPS. X-ray photoelectrons 
were generated using a positive potential of 11 keV, an emission current of 20 mA and 
analyser pass energies of between 20 and 100 eV.
Hardcopies of X-ray photoelectron spectra were obtained by means of a standard 
X Y plotter directly attached to the spectrometer control unit. Data could be displayed 
as a function of kinetic energy on an IBM XT microcomputer screen and stored for 
further analysis,
AES spot analyses were performed between chemical treatments over the iron 
catalyst. Anger photoe’ectron spectra were collected using an acceleration voltage of 
2.5 keV. a filament current of 2.5 A, a beam current of 10 pA, a pass energy of 200 eV 
and a spatial resolution of around 30 /um. (AES spectra are quoted in the conventional 
differentiated form).
f throughout this dissertation ; 1 eV c= 1.6 x lO-19  Joules.
Figure 2.6. A typical GC trace after 6  hours F-T synthesis over a potassium- 
promoted Co/MnO catalyst.
The base pressure in the UHV chamber during XPS and AES analyses was always 
between 5 x 10" 8 and 1 x 10” 9 mbar.
2.4. Handling o f  data 
Gas chrearatQgreph
Quantitative GC data was generated from the integrated FID responses. The area 
count of each component detected was multiplied by a correction factor that took the 
varying detector response for each component into account [53]. This allowed each 
hydrocarbon component's concentration to be calculated in terms of mass percent. All 
GC data has been quoted in terms of mass/mass percent ratios (or M/M %).
The identification of various hydrocarbc n components was facilitated by comparing
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peak positions with those generated after injection of standards using the same column 
conditions.
Photoelectron data
During surface analyses of the cobalt-manganese oxide catalysts, significant "chang­
ing" of the sample was observed even though the sample being ana'ysed was earthed. 
This resulted in the . e XPS spectra being recorded at a higher binding nergy (or 
lower kinetic energy). Copperthwaite et of. (54) have observed substantial temperature 
dependant kinetic energy shifts (of around 5 eV) when recording XPS spectra collected 
from an iron-manganese oxide catalyst using the same equipment as that used in these 
studies. Such charging can be said to be due to the ”p-type” semiconductor behaviour 
of MnO (54), which causes an increase in electkal conductivity at high temperatures 
jf 5). The same can be said of the Co/MnO catalysts studied in that increasing the 
temperature at which the XPS spectra were recorded was shown to increase the ki­
netic energy at which the various peaks were detected. Recording the spectra at higher 
temperatures was however not undertaken since doing so may have caused changes at 
the catalyst surfaces. For these reasons, catalyst charging was corrected for using an 
oxygen or O (Is) photoelectron signal with a binding energy (or BE) of 530.0 eV as 
a reference (54). The reason for choosing the O (Is) signal as a reference is that this 
signal remained fairly constant under all conditions, and the oxide O2- was always the 
most abundant component at the surface. Charging of the iron catalyst was corrected 
for using the potassium K (2p3/a) signal with a binding energy of 293.6 eV ± 0.3 eV 
156].
Computer fitting of up to three Causes' i  peaks to tlv; raw data using a micromin 
least squares fitting routine facilitated the determir ition of peak areas and subsequent 
quantification of the XPS data. A more detailed d vcussion of the computer simulated 
peak fitting procedures is outlined elsewhere (43).
Due to the fact that Co/MnO catalysts were used in the form of compressed discs 
of powder, it is difficult to apply XPS quantification procedures with a great deal of 
accuracy. A knowledge of the sample density and it’s exact chemical composition is 
required before photoelectron escape depths can be calculated, and quantification can 
be performed. This is true for the well known Madey - Yates (57) equation and its’ 
adaptations [58], as well as for the formulae published by Seah et at. in 1979 (59). These
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formulae all include monolayer calculations which would be irrelevant to the Co/MnO 
study since the catalyst surfaces were unpolshed and presumably highly amorphous as 
well as porous.
Calculation of photoelectron escape depths for these catalysts arc further compli­
cated by the segregation of various components in the solid during treatments. This 
results in compositional changes, including density changes that could not be measuteu 
using our equipment.
Penn jf«0] has shown &hat relative surface concentrations of different atoms in an 
alloy, say for simplicity, type 1 and type 2  atoms can be given by the equation
Vi _  h  *3 gfca) M e a )  zU
% fa ^ ( Ei) *r(ei)
where qi/y?2 is the relative concentration df type 1 and type 2 atoms, h / f a  is the relative 
signal strength observed by XPS measurements, a  is the photoionization probability (as 
calculated by Schofield (61]), D is the fraction of electrons detected by the analyser and 
Ar(e2)/A*r(ffi) is the ratio of the mean free paths of photoelectrons with energy fi and
£ 2  coming from type 1 and type 2 atoms in the alloy. This electron escape depth ratio
can be shown to be approximated by equation (2).
«, -  3 .3 )/(l. „  -  » ) |  (2)
This expression can be used directly in equation (1), which in turn can easily be mod­
ified to facilitate relative surface atomic percentage (herewith abbreviated as r s.a.p.) 
calculations for more than two elements.
Furthermore, Penn states that to a  fairly good approximation there is a material 
independant behavior of At(c2)/A t(6 i) & function of eg and e i for Ei,e2 > 200 eV
[61]. Tht use of equation (2) for the calculation of photoelectron escape depths can be 
shown to result in at most, an error of 14% but more typically, one in the region of 5% 
:s incurred.
For the purposes of this study, relative atomic percentages of elements at the surface 
or near surface were calculated. These values were obtained using Penn's formulae as a 
basis.
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In instruments where the analyser energy is fixed, such as the one used in this study, 
the transmission is inversely proportional to the kinetic energy of the electrons, hence 
the D 's in equation (1) can be replaced by values of \ j E k - Since the photoionization 
probability is directly proportional to the core level photoionization cross section (P/C) 
of an element, a P IC  for each element can be substituted into equation (1) as that 
elements’ o  value A value of A? (e) for each element was calculated using equation (3). 
(See Table 2.1).
= (:)
Where =  E k  for photoelectrons from element 1. Surface concentration alues for 
each element were then obtained from the equation (4).
Ai is the integrated XPS signal area/s and S\ is the detector sensitivity setting for an 
element. (In this case, element 1).
Arbitrary values for the total surface concentrations we e obtained by adding the 
n values of detected elements,
thirtai = + % + %S + "  (5)
and the relative surface atomic percentage (r.s.a.p) of each element (for example, 
element 1) calculated using equation (6).
r.s.a.p.i ~  100% (6 )
WtotaJ
The AES dr i  collected from the industrial iron catalyst was analysed qualitively. 
Quantification of the AES data was difficult since signal sensitivities changed according 
tc changes in the sample/beam geometries and the amorphous and rough catalyst 
surface (especially after the various treatments). For these reasons, comparisons of 
peak heights of different elements in the same scan were made.
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Carbon 250.9
Potassium 294.4
Oxygen 210.0
Manganese 190.3
Cobalt 166.0
Table 2.1. \ t  values calculated for carbon, potassium, oxygen, manganese and cobalt.
%C h a p ter  3. R ed u ctio n  and carb u r isa tio n  o f  co b a lt-m a n g a n ese  |
o x id e  I
3.1. E xperim ental rou te  I
The catalyst preparation has been reported elsewere [47]. A calcined Co/MnO 
catalyst with a Co/(Co + Mr.) ratio = 0.455 was used. The catalyst surface was '
analysed by XPS between treatments in the high pressure reactor (HPR) in the following 
sequence:
1 . Before treatment. >
2 . After H2 at 260"C (1 2  hours).
3. After H2 at 360°C (6  hours).
4. After Ha at 400 U (6  hours).
5. After CO at 220"C (25 minutes).
6 . After CO at 280"C {U  minutes)
7. After Ar+ bombardment (8  kV beam energy for 10 minutes)
All the reactions were carried out using using flowrates of ±  20 cc per minute and at 
500 kPa using high purity gases (see experimental chapter). The finai treatment, which 
involves bombarding the sample with argon ions, was performed in order to remove 
surface layers o r4 facilitate examination of the sub-surface or bulk composition. This 
was performed using a VG AG2 ion gun.
3.2. Results and discussion
The text refers to the r  (is), O (Is), Mn (2p3 /2) and Co (2p3/3) XPS spectra 
recorded between the various treatments. These figures, as well as tables and graphs 
which illustrate the quantified data are shown at the end of this chapter. The r.s.a.p.’s 
of the elements detected at the surface between the various treatments are quoted in 
Table 3.1.
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8.2.1 U ntreated catalyst
Before the cataiyst was treated in the HPR, the 'C (Is) peak is seen to have a 
BE of 285,1 eV, and this is assigned to hydrocarbon contamination, C (Is) signals 
around 285.0 eV are commonly refered to as "adventitious” carbon and are often used 
as references to correct for sample charging [54)[62).
The quantified data shows that there is significantly more manganese at the surface 
with iaspect to cobalt, in that the Co/Ml ratio is 0.50 compared with a bulk Co/Mn 
ratio of approximately 1. Baerns et of. (62) have studied the surfaces of calcined and 
reduced Fe/MnO catalysts by XPS, using catalyst samples prepared similarly to the 
Co/MnO catalysts used for this study. Although calcination of their Fe/MnO samples 
was carried out under an argon atmosphere (also at 600*C for 24 hours), their results 
also show the for catalysts with similar iron loadings to the cobalt loadings used in this 
work, there is .significant enrichment of manganese at the surface with respect to iron. 
X-ray diffraction studies of Co/’ tnO catalysts (50) show that calcination increases the 
degree of substitution of cobalt and manganese into octahedral and tetrahedral sites 
5n the Co/MnO cataiyst which, before calcination, is comprised of a range of cobalt- 
manganese spinels. These consist of a range of Co-_ .vlnO* and CoMngC^ type spinels 
where cobalt and manganese ions occupy e; sively either octahedral or tetrahedral 
sites, as well as a mixed spinel phase in >htcb cobalt and manganese ions occupy 
octahedral and tetrahedral sites non exclusively.
The Mn {2p3 /s) signal has a BE of 642.0 eV and may be assigned to Mn3+ by virtue 
of the fact that no shake-up satellite L observed, since high spin electron co ifigurations 
am expected to give rise to shake-up satellites, but Mn3+ has a low spin d4 configuration. 
The high BE (642 0 eV) cf the signal may however be indicative of Mn4+. Alien et al. 
[63] have undertaken a  XPS study of a number of mixed transition metal oxide spinels 
and show Mn (2ps/a) photoelectron spectra of pure MnO?, MnaO* and M112O3 with 
_E*s df 842.2, 641.7 and 641.8 eV respectively, none of which show any evidence of 
shake-up satellites. Included in their work is a Mn (3p) spectra of pure MnO in which 
no shake-up satellite is observed. They have also shown that the Mn (2p3/2) lineshape 
changes when manganese is included in spinel structures in that t 1 %re are shake-up 
satellites when this a  the case. Spectra of pure MnO supports which have been covered
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with ;rc*.i show a definite bhake-up satellite at the high BE side of the main Mn (2 P3/ 2 ) 
plrotoelect-na peWt (54),
The Co (Zpayg) signal with a BE of 730.7 vV is assigned to Co2 from C0 3 O4 and/or 
CoO. This is confirmed by the weak shake-up satellite at the high BE side of the main 
peak indicating that a high spin d7 configuration for the cobalt is most likely. Larkins 
<81 al. [64] have studied the surface of pure C0 3 O4 using XPS and found an asymmetric 
Co (2p@/g) peak with a maximum at 779.5 eV. Th^se workers showed that heating their 
sample gave rise to a larger signal at 781.0 eV associated with paramagnetic Co2* . The 
Co (2 P3 /3 ) BE of Co2* was shown to be higher than that of Co3* which is opposite 
to the result normally expected. This is believed to be due to the fact that the Co2* 
iohl occupy tetrahedral sites in a high spin configuration, with a larger number of close 
neighbours than Co3* in the octahedral sites.
The large proportion of oxygen at the surface is associated with O3- sons from the 
cobalt and manganese oxides at the expected O (is) BE >f 530.0 eV [54].
3.2.2. R eduction  (or H 2 ) trea tm en ts
After the reduction treatments at 260*C and 360eC , the C (Is) signals shift to 
a lower BE of 284.3 eV, and this is assigned to carbon being primarily of a graphitic 
nature, with a large portion being carbide. This is illustrated by th* shoulders on the 
L w BE sides of the main C (is) signals. BE’s for the XPS determination of graphite and 
carbide are most commonly quoted as being at 284.4 and 283.3 eV respectively (65]. 
After the Ba treatment administered at 260°C the r.s.a.i. of carbon increases from 
7.7% to 11.3%, indicating that there is surface segregation of carbon impurities from 
the catalyst bulk. Reduction at 360* C shows that further segregation of c&rbon takes 
place since the rd.a.p. of the carbon is seen to increase to 13.2%. By increasing the 
reduction temperature to 400° C , the surface carbon is hydrogenated away, pvev-umab 
as methane.
During reduction treatments, the Mn (2 p3/2) peaks are seen to shift 60 a lower BE of 
640.6 eV, and there are discemable though small changes with regard to the appearance 
of shake-np satellites at 647.1 eV. The Mn (2p3/2) signals do however become broadei, 
and this may be due to the manganese having more ’han one oxidation state. This
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broadening could also contribute to obscuring of the shakeup satellites one would expect 
to be associated with BE’s for Mn (Zpa/s) signals at 640.8 eV.
The surface cobalt is seemingly unaffected by the Hg treatment administered at 
260*C , but becomes reduced at 360®C and remains so at 400*C . This is illustrated 
by the chemical shift of the Co (Bps/a) peak from 780.3 to 778.1 eV after reduction at 
360*C . The Co (2p3/s) peak at 778.1 eV is in agreement with reported values for clean 
Co metal (66-68) , The observed transition to metallic cobalt is further highlighted by 
the disappearance of the shake-up satellite associated with high spin d7 Co34 . 1 h_ tf2 
treatment at 260°C leads to a decrease in the Co/Mn ratio from 0.5 to 0.44. "'his 
difference may however not be significant, since an error of up to 14% (but more 
commonly one of 5%) has been allowed for in calculations of the various element 
concentrations at the surface. On reduction at 360°C and 400° C , there is a very 
significant decrease in the Co/Mn surface latio (from 0.44 to 0 .12), indicating high 
enrichment of manganese with respect to cobalt at the surface.
Baems et al. have shown that there is significant enrichment of manganese with 
respect to iron after reduction of Fe/MnO catalysts, and have put forward a theory on 
how this takes place based on comprehensive bulk and surface studies of the cataiyst, ail 
performed under similar conditions (62](69-72), as well as results obtained from Engell 
et ai. [73](74] and Schmalzried (75] who investigated the reduction of mixed FegO*- 
MnaO« oxides. These workers claim evidence for reduction starting in the bulk and not 
at the oxide surfaces, and that reduction of FeO-MnO results in the depletion of iron at 
the surface because metallic iron diffuses to the nearest precipitation point. Vacancies 
are then filled with manganese which was stated to have a very high diffusivity in MnO 
and could therefore diffuse over large distances.
X-ray diffraction studies of calcined Co/MnO samples (50| after they had been 
reduced indicated that the mixed spinel (Co,Mn)(Co,Mn) 2 0 4  is the dominant phase. 
These bulk studies have also shown that t! e reduced catalyst contains significant 
quantities of Co metal and MnO.
The fact that the r.s.a.p. of oxygen decreases after the 360°C Hg treatment may be 
ascribed to the large decrease in the cobalt which was shown to be in the form of CoO 
or C03O4 prior to increasing the reduction temperature. The decrease in oxygen at the 
surface is therefore linked to an increase in as well as reduction to metallic cobalt. (Later
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studies show that there is a relationship between carbon and oxygen at the surface, and 
that when the concentration of one increases, the concentration of the other decreases). 
A broadening of the O (Is) signal at the low BE side is seen to be brought about by 
the Hg treatments and this may be associated v ith the the broader Mn (Zpa/s) signals, 
which indicate the presence of more than one oxidation state for manganese.
3.2.8. C arburisa tion  (or CO) trea tm en ts
After pure CO is administered to the Co/MnO catalyst, there are two types of 
carbon species left at the surface. These species give rise to C (Is) signals with 
BE’s of 284.3 and 289.6 tV. These two peaks have been assigned to graphitic and 
chemisorbed COg respectively. A carbon (Is) peak with a BE of ±  290 eV assigned to a 
carbonate species has been detected > reduced industrial iron catalyst after exposure 
to atmosphere [43). Upon increasing the temperature at which the catalyst i? exposed 
to CO, the area of the peak with the higher BE is seen tn decrease, whilst the C (Is) 
peak assigned to graphite increases. The fa hat the graphitic signal increases whilst 
the signal at 289.6 eV decreases, may be taaen as evidence that the high BE signal 
is due to a COgjod*) species, since these species are known to desorb with increasing 
temperature. Furthermore, graphite is known to be stable over cobalt surfaces [75!.
Carbon deposited at the surface increases from 12.5% to 20.1% when the CO 
treatment U perature is increased from 220*C to 280*C . An increase in the r.s.a.p. 
of carbon (or more specifically, graphite) would be expected if a chemisorbed CO or 
carbonyl was dissociating. CO adsorption studies of iron supported on MnO [54] report 
a C (Is) BE of 287.0 eV (± 0.3 eV) as CO(ad,) which has a  significantly lower C (Is) 
BE compared with th* value of 289.6 eV obtained with the Co/MnO catalyst. This 
may be taken as negative evidence for the the observation of adsorbed carbonyl species 
over cobalt-manganese oxide in this study.
Bonzel et of. have however asdgned a C (Is) BE of 285.7 eV to molecular CO on 
cobalt [76] (The experiments, using pure CO over a  metallic cobalt film were performed 
at 325*C ). These workers claim that by increasing the temperature, molecular CO forms 
exclusively carbide (C (is) BE at 283.4 eV) Similar studies to those discussed m this 
chapter using pure CO over reduced industrial . .talysts [43] show that a high build­
up of carbon occurs at around 150°C ano that iron carbide U converted to graphitic
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carbon which would result in the catalyst having a lower F-T or CO-hydrogenation 
activity. Graphitic carbon build-up is known to reduce the rate of hydrocarbon synthesis 
and act as a partial poison over metallic iron surfaces (77). Carbon build-up over 
the industrial iron catalysts was far more pronounced after the pure CO atments 
compared with the cobalt-manganese oxide used in this study, and this may contribute 
towards explaining the longer lifetimes obtained with the Co/MnO catalysts observed 
under F-T conditions.
The Mn (Zps/g) signals sharpen considerably when pure CO is passed over the 
catalyst at 220*C and 280*C , indicating that probably only one form of manganese 
is at the surface. The BE’s are seen to move to a slightly higher /alue for both CO 
treatments (although this shift nay not L: significant since an error of ±  0.3 eV is 
allowed for). Furthermore, shake-up satellites appear. The combin^'.un of these factors 
indicate that Mn3+ is the predominant form of manganese at the surface. The apparent 
increase in the Mn (2pa/g) BE associated with a transition from Mn3+ to Mn2+ may 
be explained by the previously mentioned argument put forward by Larkins et at. for 
interpretation of Co (Zpa/g) peaks, if the Mn2+ and Nin3+ occupy tetrahedral and 
octahedral sites respectively.
The O (Is) spectra after CO treatments are also seen to become narrower, and this 
corresponds to what is observed with the Mn f2p3/g) spectra after the CO treatments.
Furthermore, the reduction of manganese at the surface to MnO may be linked 
to the appearance of the COg (**«) species after the CO treatments by the following 
reactions:
CO{o) + 0 2~( — ► C 0 2 {ads) + 2e-
2M n%  + 2e~ —  2Mn2£>
+ COig) + ---» COgfod*) + 2Mn2"^
Re-oxidation of the cobalt is seen to take place when pure CO is passed over the 
sample at 220 and 280* C . This is indicated by the BE shift from 778.1 to 780.6 eV and 
the appearance of shake-up satellites, ..gain associated with high spin (d7j Co2*. Re- 
oxidation of the cobalt is associated with an increase in the Co/Mn ratio at tK  surface
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from 0.12  after the H% treatment at 400*C , to 0.31 and 0.30 after pure CO treatments 
at 220 and 280*C respectively. This re-oxidation phenomenon was not observed when 
synthesis gas was passed over reduced Co/MnO catalysts in later stvd.$ei  (although it 
should be noted that 5% CO in Hg gas mixtures were used).
The re-oxidation of the cobalt during the CO treatments may be linked to the 
reduction of the manganese which could result in the liberation of oxygen or oxide ions 
over the catalyst. It is however, more likely that cobalt re-oxidation is associated with 
the observed buildup of "inert” carbon (with a C (is) BE of 284.3 eV) caused by the 
pure CO treatments. This may be facilitated by the following reactions at the surface:
c o „ ,  +  :k -  — +
Co{sf — » -f 2e~
Co(,) + C'O(g) — * Co0(#) + C(<)
The apparently opposing effects of %  and CO treatments with respect to reduction 
and oxidation of cobalt and manganese suggests that electronic effects may have some 
influence on the mechanism of hydrocarbon formation over these catalysts. The increase 
in the Co/Mn ratio at the surface after the CO treatments may be linked to the re­
oxidation of the cobalt if the previously discussed reduction model (73-75], can be 
extrapolated to Co/MnO catalyst systems. The idea being that since cobalt was being 
oxidised, metallic cobalt would no longer diffuse to the nearest precipitation point.
3.2.4. A rgon ion bom bardm ent
Argon ion (Ar+) bombardment or sputtering was performed in order to ascertain 
possible differences between the sample surface and bulk.
This treatment reveals that the cataiyst bulk contains carbon, which by virtue of 
the C (Is) BE at 283.3 eV is assigned to carbide. The fact that carbide is observed 
after spm .wing mav indicate that a bulk carbide phase io stable for these catalyst 
systems, howc"*? the possible effect of ion beam modification of the surface should 
not be discounted. Bulk carbide phases in Fe/MnO catalysts have been reported
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(69){78j. The carbon peak observed after the Ar* treatment may indicate that there 
was diffusion of carbon into the bulk during the CO treatments, or that there was bulk 
carbon contamination during sample preparation. The latter option is unlikely since 
the samples were prepared under rigid conditions and further studies on these catalyst 
systems show that surface segregation of bvik carbon takes place during reduction at 
temperatures around 400* C , and that - o further carbon is observed after subsequent 
Ar+ sputtering. Furthermore, no further segregation of carbon was observed when the 
reduction temperature was increased to 400*C . The r.s.a.p. of carbon after sputtering 
is 15.5% as compared to 20.1% after the final CO treatment, indicating that a large 
portion of me sir :e carbon migrates to the bulk of the catalyst, or that there is 
diffusion of CO into the catalyst bulk. It may also be expected that one. or both of 
these processor would occur since the Co/MnO samples were comprised of pressed discs 
of powder, and were therefore porous.
Ar+ sputtering of the catalyst surface after treatment with CO at 280° C results in a 
decreased oxygen concentration (47.2% to 32.9%). This is associated with a manganese 
r.s.a.p. of 39.2%. Neither the O (Is) and Mn (2p3/3) lineshapes are seen to change 
after Ar* bombardment. This, coupled to the similarity in the r s.a.p.'s rf  oxygen 
&>.'d : h ganese, gives a good indication that the new surface’s oxygen and m anganese 
is virtually entirely comprised of MnO, since the Mn/O atomic ratio -iosely 
approximates a value df 1. Asssuming minimal differential sputtering of ti. -rent 
elements, as well as minimal ion beam modification of the catalyst surface, it may be 
assumed that MnO is the predominant form of manganese in the bulk after the various 
treatments. The observed transitior to metallic cobalt further explains the decrease in 
thv amount of oxygen observed after Ar+ bombardment.
The cobalt is metallic as indicated by the sharp Co (2p3/i)  peak with a BE of ± 
778 1 eV. The shoulder around 780.6 eV is indicative of a small amount of oxidised 
cobalt, but it is tempting to associate this shoulder with a cobalt carbide species. 
Although the Co/Mn ratio of 0.32 is virtually unchanged with respect to the Co/Mn 
rario after the CO treatmen' at 280^C , there is significantly more cobalt after sputtering 
(12.4% as compared with 7.1% before sputtering). This corresponds well with the 
assumption that reduced cobalt may migrate to the bulk, and/or that bulk reduction of 
cobalt occurs. Ar+ bombardment of an untreated Co/MnO catalysts in the following
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chapter using similar conditions shows that the employed sputtering conditions do not 
bring about reduction of the cobalt.
3.3. Conclusions
From the results, cobalt is shown to become reduced more easily with H2 than is 
manganese, and both the calcined and reduced catalysts have a cobait to manganese 
surface composition which is different from that of the bulk. There is a very significant 
depletion of cobalt at the surface after reduction, and metallic cobalt is observed after 
argon ion bombardment or surface etching. These observations may be explained by 
the model of "inner reduction” as suggested by Engell and Schmalzried. Treatments 
with pure CO have the effect of re-oxidising the metallic cobalt to C^O and reducing 
all the manganese to MnO.
There «s evidence for a carbon species with a high binding energy C (Is) XPS signal 
assigned to CO* (ad*) on MnO. The stability of this species (as expected ) is sensitive 
to changes in temperature, in that there is more adsorbed COg when pure CO was 
administered at lower temperature. This CO3 {ad*} species may, or may not take part 
in the hydrocarbon chain formation prior to desorbing and/or dissociating, and these 
possibilities will be discussed in the following chapter.
Graphite formation is observed at the surface, and carbide formation takes place in 
the catalyst bulk. Carhop build-up however, is less marked over th* Co/MnO system 
when compared with Fe/MnO and industrial iron catalysts.
3.4 D a ta  collected for th e  reduction and  carburisa tion  study over a  cobalt- 
m anganese oxide ca talyst
See following pages.
34
C(lm)
I 285-1 eV
(Ne)
ll. Before Tfeat'neot
X3
284 3 eV
289 3 eV
X3
2 902 8 0  2 83
Binding Energy (eV)
Figure 3.1. XPS spectra recorded in the C (Is) region between various treatments,
for the reduction mid carburisation study with Co/MnO.
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Figure 3,3. XPS spectra recorded in the Mn (Zps/s) region between var'ous
treatments, for tiie reduction and carburisation study with Co/MnO.
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Figure 3.4. XPS spectra recorded in the Co (293/2) region b e t w e e n  various
treatments, for t in  reduction and carburiaation study with Co/MnO,
R .S .A .P .'i OP ELEMENTS BETWEEN TREATM ENTS
TREATMENT C 0 Mn Co
t 7.7 5 8 .3 2 2 .7 11.3
2 117 m s 2 2 .7 10.1
3 13.2 60.1 3 2 .8 3 .9
4 0 .0 6 7 .7 3 7 .7 4 .6
8 12.6 6 2 .4 2 S .8 8 3
6 20.1 4 7 .2 2 8 .7 7,1
7 16,6 3 2 .9 3 9  2 12.4
Table 3.1. Relative surface atomic percentages of elements between treatments, for 
the reduction and carburisation study with Co/W O .
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Figure 3.5. Graphic illustration of relative surface atomic percentages of elements 
between t eatmente for me reduction and carburisation study wUh Co/MnO.
C hap te r 4. CO-hydrogenation over cobalt-m anganese oxide 
catalysts
4.1. E xperim ental rou te
Calcined Co/MnO catalysts with a Co/(Co + M i ,atio of 0.48 were used. 
Catalyst A was analysed ■> ' XPS in the following stquence:
1. Before treatment.
2. After Ar+ (5 kV beam energy Cor 15 minutes).
3. After 6  hours Ha at 400° C .
4. After S min. F-T synthesis.
5. After 15 min. F-T synthesis.
6 . After 30 min. F-T synthesis.
7. After 1 hour F-T synthesis.
8 . After 3 hours P-T synthesis.
9. After 6  hours F-T synthesis.
10. After 12 hours F-T synthesis,
11. After 24 houi* F-T synthesis.
12. After Ar+ bombardment (4.6 kV beam energy for 15 minutes).
The initial At* treatment was performed in order to "clean” the sample, whilst 
the final Ar+ treatment (tieatment number 12) was undertaken so as to ascertain 
possible differences between the catalyst surface and bulk characteristics (for catalyst 
A). The above treatment sequence was repeated on a Co/MnO catalyst (catalyst B) 
with exactly the same composition so as to establish reproducibility of results. In the 
second study the catalyst underwent a re-reduction with Ha for 12 hours at 40GeC after 
it had undergone a total of 24 hours F-T synthesis. This step was performed instead of 
Ar+ bombardment.
4.2. R asults and Discussion
The text refers to the C (is), O (Is), Mn (Zpa/g) and Co (2p3/2) XPS spectra 
recorded during the reaction sequence, and compares the results with those discussed in 
the previous chapter. The spectra, as well as tables and graphs, are shown at the end 
of this chapter. The rji.a.p.’s of elements detected at the surface between the various 
treatments are quoted in Table 4.1
4,2-1. Untreated catalyst
Before treatments the catalyst surface was different to the sample used for the 
reduction and carburisation study in that there is significantly more carbon contamina­
tion on the catalyst to be used for the F-T synthesis study. (Compare Table 5.1 with 
Tables 3.1 and 4.1).
The O (Is) signal has a shoulder on the high BE side of the main photoelectron 
peak, and this is presumably due to the various metal oxides present at the surface 
before treatments are commenced. The Mn (2p3/2) signal has it’s major component at
642.2 eV. This k  indicative of Mn4-*- or MnOg* as manganese in the 4+ oxidation state 
has a high spin d3 electron configuration thereby giving rise to a shake-up satellite at 
a higher BE. This indeed is witnessed by the "hump” between the two photoelectron 
peaks.
The Co (2P3/3) peak has a BE of 780.6 eV and their is a 0nake-up satellite between 
the main coba 1 jeaks, indicating the presence of Co2+ and not Co+3 (or a d6 electron 
configuration).
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4.2.2. Argon iron bombardment
As mentioned previously, Ar+ bombardment was performed in order to ensure that 
the sample surface was "clean” , and more specifically, to facilitate removal of the large 
amount of surface carbon contamination present.
After Ar+ bombardment all the carbon is removed. This indicates that there was 
little or no bulk contamination of carbon in this catalyst. (Please refer to th< evious 
discussion of redaction and carburization of a Co/MnO catalyst with respect to bulk 
carbide formation by CO treatments).
There is significant surface enrichment of manganese with respect to cobalt after 
the Ar+ treatment. The Co/Mn surface ratio is 0.3 compared with a bulk ratio of 
approximately 1. The large increase in the r.s.a.p. of oxygen (50.6% to */4%) can 
be partially ascribed to the increase in manganese oxide(s). The increase in oxygen 
is however not proportional to the increase in manganese. The Mn/O ratio before 
treatment is 0.19 and this changes to 0.27 after argon ion bombardment . The reason 
for this may be expained by a number of factors.
Firstly, removal of the surface carbon, (of which a large portion was oxygenated) 
would contribute to a lower Mn/O ratio after bombardment.
Secondly, manganese is shown to be more reduced in the bulk, as illustrated by the 
Mn(2p3/2) photoelectron peak shifting to a lower BE of 610.8 eV. This binding energy 
is usually associated with Mn2+ . The absence of a clear shake-up appears to be an 
anomaly. However, as mentioned previously, other researchers (63} have not observed 
shake-up satellites using XPS to study pure MnO samples, and this is presumably due 
to the presence of surface Mn^Og. The signal observed is probably caused by mixed 
oxides of manganese, including MnsO*, and this would obscure a shake-up satellite.
Thirdly, the cobalt may have a slightly increased metallic character as indies* ®d 
by the lower BE of 78G.C eV, and the broadened Co (2pa/,) photoelectron peak, but as 
mentioned in the previous study, this peak may also be due to C03O4 .
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Although ion beam modification of the surface may result in these changes, it is 
more likely that the catalyst bulk is not as oxidised as the surface. The removal of carbon 
contamination would be expected to result in an increase in the r.s.a.p. s of the other 
elements. The fact that the Co/Mn ratio is lowered from O.f to 0.3 (approximately) 
after Ar+ bombardment (and carbon removal) is again indicative that the amc -nt of 
surface carbon plays z. role in the Co/Mn ratio at the surface.
The changes between the surface and bulk cobalt and manganese are shown up in 
the O (Is) spectrum after the Ar+ bombardment. The O (Is) signal is considerably 
broader with a shoulder at the low BE side of the main photoelectron signal, and 
sputtering with Ar* illustrates that the untreated catalyst bulk is less oxidise- han 
the surface.
4.2.3. R eduction w ith  H 2
After reduction of the catalyst for 6 hours with Hg at 400*C , surface segregation 
of trace amounts of carbon from the bulk takes place. BE assignment :c the C (Is) 
signal is difficult due to the broad phoioeieriron peak and the large signal to noise ratio 
because of the high sensitivity a t which the spectrum was collected. In the previous 
reduction study, surface segregation of carbon was observed at 260°C and 360*C . This 
carbon was shown to be mainly graphitic in character with & considerable portion being, 
carbide. (See Chapter 3, page 35).
Reduction of the catalyst has the effect of lowering the C o /M s  ra :io  from 0.3 to  
0.16. The Co/Mn ratio of 0.16 corresponds well with values of 0.13 obtained aft*; 
similar reduction treatments with the previous study and a mechanism by which this 
surface segregation takes has been discussed in the previous chapter.
The Mn (2pg/]) signal is again a broad peak, and the BE is seer, to shift to a 
slightly lower value. Although this shift is probably insignificant, it may be indicative 
that further reduction of some manganese has taken place. An excess of O2" ions is 
known to be present in p-type MnO [55], and t,his is presumably responsible for the 
observed O/Mn atomic ratio value of approximately 2. As was the case in the previous 
study, the cobalt becomes reduced. This is shown by t i , ' shift in the Co (2pg/a) signal 
from 780.0 eV to 778.3 eV [76]. A combination of the behavior of the manganese as well
as the cobalt can explain the observed r.a.a.p. of 68% for the oxygen after reduction. 
The shape of the O (Is) signal is similar to that observed before reduction (or after A i+ 
bombardment) and after reduction in th» previous study.
The catalyst surfnce after reduction in this study is in a similar state to the reduced 
catalyst in the previcas study where no prior Ar+ treatment was performed. (See 
Chapter 3, page 23). This allows one to assume with a *ood deal of confidence that 
Ar+ cleaning will have little or no effect on the subsequent experiments using puie (or 
unpromoted) Co/MnO catalyst samples.
4,2.4. C O -hydrogenation
After 5 minutes of F-T synthesis the XFS spectrum collected in the C (Is) region 
indicates there is a slight increase in carbon at the surface (albeit very small). Carbon 
build-up at the surface increases as the catalyst is exposed to the synthesis gas for longer 
periods of tit up to a total of 6 hours. After a total of 6  hc’in  synthesis, the r.s.a.p. 
of carbon m as hir.h as 47.7%. With longer exposures of the catalyst to the synthesis 
gas the r.s.a.p. of carbon is seen to decrease. (This phanonaeron was also noted in the 
F-T atudy with catalyst B ). The subsequent ra.a.p.'s calculated for carbon are 32.5% 
and 1 7 . ; % for 12 and 24 u v t,<6 F-T synthesis over the catalyst, respectively.
The carbon deposited during F-T synthesis is seen to be comprised primarily of 
two different types o r forms. The mzAn C (is) signal has a BE of 285.2 eV (± 0.3 eV) 
with a minor component at approximately 289.5 eV. The main signal is assigned to 
adsorbed alkyl species. Steinbach et al. [79] found evidence for CH3 (ad*) and CH2 (a4s) 
species at 2b5.8 eV and 284.9 eV over cobalt (albeit using low temperatures and CH3CI 
as a source of CHZ). Baerns et al. [80] found XPS evidence for carbidic and graphitic 
carbon formation after F-T synthesis over Fe/MnO catalysts, and the amount of carbidic 
carbon was shown to be linked to the activity of the catalysts Although bulk carbides 
are also known to form in Fe/MnO catalysts under F-T conditions, no evidence foi 
their formation was found in this study with the Co/MnO catalysts. Bonzel et al. 
{76j observed a carbon species with a C (Is) BE of between 284 and 286 eV during 
CO-hydrogenation over crystalline cobalt using a 20:1 H3 to CO ratio at 100 kPa and 
275* C . They claim difficulty in identification of this peak, but state that it may be
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a hydrogenated species, possibly mbnd with graphitic carbon and/or some molecular 
CO. No evidence of a C (Is) peak near 290 eV was found in their study.
The possibility arises that the carbon signal observed in this study with a BE of
285.2 eV could be due to an oxygenated species. The negligible oxygenate yields in the 
hydrocarbon product spectrum (see Table 4.2.) however, seem to limit this possibility; 
one would also expect an oxygenated carbon species to have a higher C (Is) BE. We 
therefore suggest a  more likely assignment of the main type of carbon present during 
F-T synthesis to be due adsorbed hyrdrocarbons or ”C,HV" species. The possibility of 
a short lived CH@ intermediate should, however not be ruled out. This is high­
lighted by the high methane yield observed during the F-T reactions. (See Table 4.2). 
These methane yields are significantly higher than those observed with industrial iron- 
based catalysts studied using similar equipment |43] (also see Chapter 6 concerning H2S 
poisoning over an industrial iron catalyst).
The second carbon species appears as a shoulder on the main C (is) signal and 
has a  C (Is) BE of between 289.0 and 290.0 eV. This binding energy is assigned to 
CO2 (od#) species which was observed in the previous study after pure CO was passed 
over a reduced Co/MnO catalyst. It was shown that CO2 (ad») *as relatively stable 
at 220®C but desorbed when the temperature wag increased to 260°C . The possibility 
of another carbon species w;th C (Is) BE of ~  287 eV cannot be discounted, and this 
could either be due to an oxygenated hydrocarbon species and/or a carbonyl species.
Ine results from the F-T study indicate that that the chemisorbed "C^H;" 
dissoci ites to farm Hydrocarbons in the presence of large quantities of H2 instead of 
forming graphite as was the case with the pure CO experiments. (See Figure 4.7). 
Recently, there has been reported evidence tor an oxygenated Ct inteimediate during 
F-T synthesis over cobalt using kinetic studies [81]. This may explain trace amounts of 
low molecular weight alcohols observed in the GC spectra recorded during the various F- 
T reactions. Furthermore, & significantly higher portion of alcohols are produced during 
F-T synthetiis using Co/MnO catalysts compared with iron based catalysts [46]. Also 
there has been nu evidence for carbon at a C (Is) BE of around 287 eV over industrial 
iron based catalysts under F-T conditions (or during pure CO treatments ) studied using 
the same eq^pm m t as that used for this study [43], Kinetic and reactor F-T studies on 
Co/MnO catalysts show that these catalysts give a slightly enhanced yield of oxygenated
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products when compared to pure cobalt catalysts, and at low carbon numbers, alcohols 
were shown to be observed only as trace products, but at higher carbon numbers (greater 
than Ca) alcohols were shown to become signihcant products j47j. This is a reversal 
of the trend usually observed for alcohol yields in the F-T reaction, as methanol and 
ethanol are usually the most abundant alcohols [5]. Copperthwaite et c '. furthermore 
claim that XFS evidence for adsorbed molecular CO over cobalt doped manganese 
oxide could result in the formation of alcohols via CO insertion involving the growing 
hydrocarbon chain, the effect of which would be more pronounced for the higher carbon 
numbers |82j.
After one hour of F-T synthesis over the catalyst hi this study, the C (Is) XPS 
signal is seen to shift to ; higher BE of 286,4 eV and the intensity of the peak at
289.2 eV Is seen to increase considerably. The peak with the C (Is) BE of 286.4 eV 
is assigned to oxygenated hydrocarbon species and the possibility of a species
between the peaks at 286.4 and 289.2 eV, should again not be ruled out. GC data 
collected after one hour of F-T synthesis and prior to the sample transfer into UHV 
indicate that the production of low molecular weight alcohols is still negligible (see 
Table 4.2). The hydrocarbon product data is within reasonable agreement with that 
obtained for the previous wtd subsequent GC samplings up to the C& hydrocarbons. 
The Ce value obtained differs considerably in that the yield is much lower. This may 
be explained by the presence of adsorbed CO which could, as mentioned previously, 
via insertion into the M-C bond lead to the formation of heavier oxygenates thereby 
in effect causing a considerable reduction in the amount of "heavier” hydrocarbons 
produced. Unfortunately, the GC equipment used was unable to detect hydrocarbons 
that were heavier than Ce- A point of interest is that the catalyst disc was seen to have 
cracked during the one hour F-T reaction, and the actual reaction temperature has been 
shown to be lower than the experimentally measured one^. The observed deviation in 
the C (Is) XPS spectrum after 1 hour of F-T synthesis can therefore satisfactorily be 
explained, since adsorbed CO and CO3 would be expected to be more stable at lower 
temperatures.
During F-T treatments the cobalt r.s.a.p changes but is seen to reach a stable
value after 12 hours of CO-hydrogenation (See later discussion of oxygen, manganese
^See Chapter 2, page 14.
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and cobalt behaviour during F-T synthesis). This cobalt "steady state” may limit the 
amount of CO adsorption (which, coupled to the presence of H3 ) couid lead to hydro­
carbon remove'- from the surface, since adsorbed alkyl groups would be hydrogenated 
away. This m?y explain the obsv.ved lowering of the r.s.a.p. of carbon which occurs 
when ihe O /M n  surface atomic ratio stabilizes.
An increase in the amount of carbon at the surface is again associated with a 
decrease in the r.s.a.p. of oxygen and vice-versa. (See Figure 4.6). This correlation 
between the carbon and oxygen snould however be *■ :en in the context of the behaviour of 
th t cobalt and manganese. The cobalt and manganese increase (as one would expect), is 
approximately proportional to that of oxygen. This fact indicates that carbon coverage 
occurs over the whole catalyst and not just at certain centres. Most of the carbon is 
unlikely to be in the form of a single chemisorbed or aosorbed specie?, but is more 
likely to be present as hydrocarbons. These hydrocarbons are shown by the GC data 
to have low carbon numbers (not heavier than Ce) as well as low olefin to pwaffin 
ratios. (See Table 4.2). These factors are most probably a direct result of the high 
Ha to CO ratio used in the feed gas and the high fiowiates utilised. (The reasons why 
such conditions were employed have been discussed in Chapter 2). Comparisons of GC 
data obtained using the same equipment and similar reaction conditions with alkali- 
promoted industrial iron catalysts indicate that higher yields of methane are observed 
over Co/MnO catalysts. In addition, less carbon build-up is observed over Co/MnO 
catalysts. Bonzel et al. performed F-T reactions over metallic cobalt [76] and iron foils 
[83j[84]. Employing the same conditions over both foils, these workers found that only 
after increasing the COiHg ratio from 1:20 to 1.1 did the amount of carbon on cobalt 
approach thr.t deposited on iron using a ratio of 1:20 . In addition, hydrocarbon product 
distributions for the two surfaces showed the most similarity near ratios of 1:1 on cobalt 
and 20:1 on iron This higher hydrogenation activity may also be used to explain th ' 
longer catalyst lifetimes observed during F-T reactor studies using Co/MnO catalysts. 
The absence of alkali promoters in the Co/MnO samples tudied, must however be taken 
into recount when comparing the observed hydrogenation characteristics of Co MnO 
and industrial iron catalysis, fhis consideration wilt be discussed in the following 
chapter.
After the first 5 minutes of F-T synthesis, there is a large increase in the surface 
cobalt. The Co/Mn ratio increases from 0.16 after reduction to O.60 . This increase k
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significantly larger th2.1t the increase observed after pure CO was passed over a reduced 
sample (0.12 to 0.31). Furthermore, the cobalt is seen to .emain reduced during CO- 
hydrogenation as is witnessed by the sharp metallic Co (Zps/g) peak at a BE of 778.2 
elf. Indeed the sharpening up of the Co (Zps/s) XPS signal coupled to the BE of 778.2 
eV indicates that the cobalt becomes completely reduced during the Initial stages of 
CO-hydrogenation.
The Co/Mn ratio Fuctuates as the F-T reaction proceeds but k  seen to have a stable 
value after 12 and 24 hours of CO-hydrogenation. This stabilised value of approximately 
0.29 is close to the value of 0.30 obtained d-iring pure CO treatments, and corresponds 
to a decrease in t h 1 r.s.a.p. of carbon. A possible reason for this has been cited in the 
discussion of the results obtained in the C (Is) region. These resultr lead one to the 
assumption that during the initial stages of F-T synthesis, the reduced cobalt is mobile.
The behaviour of the Mn (2p3/«?) signal is similar to that observed after the pure 
CO treatments. During F-T synthesis the Mn (2p3/s) peak is seen to shift to a slightly 
higher BE of 641.0 eV and becomes narrower. There is also an indication that a shake- 
up satellite starts to appear, indicating the presence of MnO at the surface.
The shape of the O (Is) signal changes when the catalyst is subjected to synthesis 
gas, and becomes norrower. This was also observed during catalyst treatments with 
pure CO. Again, these changes may be explained by the observed changes in the Mn 
(2pa/2) and Co (2 ^3/2) peaks during CO-hydrogenation. The narrowing of the O (Is) 
signal may be related primar.ly to the narrowing of the Mn (2p3y2N signal, and to a 
lesser extent to the narrowei Co (Zps/s) gnal.
After a total of 30 minutes of F-V synthesis, the O (Is) signal is seen to be 
considerably lower compared with subsequent signals. This phenomenon should be seen 
in the context of the large Co/Mn ratio of 0.83 after 30 minutes F-T synthesis, compared 
with a rato of 0.22 after 1 hour synthesis. Obviously, the relatively high concentration 
of cobalt (metal) with respect to manganese (oxide) leads to a decrease in the oxygen 
signal.
As the F T  reaction proceeds, the Mn (2p3/s) signals do not change significantly 
except for the fact that they become stronger as the Co/Mn ratio decreases. When 
this occurs the appearance of a shake-up satellite becomes more evident between the
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Mn (2p3/5) and Mn (2p:/a) peaks. This fact, coupled to a Mn (2p3/2) BE of 640.6 eV 
(which does not change significantly during the CO-i ydrogenation experiments), may 
be taken as evidence that MnO is the predominant form of manganese duiing the F-T 
treatments.
As mentioned previously, virtually all the cobalt is metallic during the first 12 houn 
of F-T synthesis. This b in contrast with the pure CO study, where cobalt metal was 
re-oxidised. The high partial pressure of Ha in the reactor during the CO-hydrogenation 
reactions may play a role in ensuring that oxidation of the cobalt is inhibited. After 24 
hours of F-T synthesis over the sample, a shoulder at the high-BE side of the metallic 
Co (2p3/2) peak is seen to appear. This indicates that some re-oxidation of the cobalt 
has taken place, possibly by HgO produced during the F T reaction.
In general, the results prior to and durine the F-T treatments obtained with catalyst 
B resemble those obtained with catalyst A. This illustrates that rcproducable results 
are obtainable with the instrumentation used for these studies. (See Figure 4.8).
4.2.5. Argon ion bom bardm ent: C a ta ly s t A
Argon ion bombardment was performed on catalyst A after it had been subjected 
to a total of 24 hours F-T synthesis. This treatment has the effect of removing ail the 
surface carbon. This may be taken as evidence that no carbon build-up took place 
in the catalyst bulk during the CO-hydrogenation experiments. This is in contrast to 
findings with Fe/MnO catalysts where bulk carbide formation readily takes place during 
F-T synthesis [60][73]. Evidence for bulk carbide formation was however found after 
treatments with pure CO in the carburisation study with a Co/MnO catalyst. Tnis 
finding once again illustrates the high hydrogenation activity of the Co/MnO catalyst 
under the conditions employed.
As was the case in the Ar+ treatment prior to the reduction with II2 , the Co/Mn 
ratio decreases on bombardment. In this instance the ratio decreases from 0.27 after 
24 hour F-T synthesis to approximately 0.1 after sputtering. Reasons for this decrease 
are the same as those given for the previous Ar+ bombardment. The only difference 
being that after the second sputtering treatment, the cobalt tn the bulk is slightly 
more oxidised than at the surface, as is witnessed by the broadened Co (2p3/2) signal
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with a sigaiLcaatly lazier oxide component (at a BE of 7*' .0 eV). This is in contrast 
to the result obttined after the previous Ar* treatment where bulk cobalt was more 
reduced than the surface cobalt. The iow r.s.a p.'s of cobalt in both instances (6.0 
and 2,2% respectively) do however, not really influence the O (Is) signal shape. Also, 
the cobalt after tht* second Ar* bombardment is considerably more reduced than after 
the first sputtering treatment. The fact that there is still a large portion of metallic 
cobalt present in the bulk is again indicative tHat reduction of the sample may start 
from the bulk (as mentioned in the discussion of the reduction study), and/or that the 
metallic cobait is mobile in the Co/MnO system. Colley et al. have recently shown that 
a previously unreported (bulk) body centered cubic (bcc) phase of cobalt appears when 
F-T synthesis is performed over a  similar Co/MnO catalyst [85].
The Mn (2p3/a) spectrum is not changed by sputtering with A. , thereby indicating 
that MnO is the predominant form of manganese in the bulk.
4.2.6. Re-reduction w ith H 2 : Catm vst B
Re-reduction of catalyst B after it had been subjected to a total of 24 hours F-T 
synthesis has the effect of removing all the carbon at the surface. This indicates that 
no graphitic carbon formation was likely to have taken place during F-T syntuesis since 
graphitic carbon cannot be easily hydrogenated |86 |. Graphitic carbon formation was 
however observed after pure CO was administered to the catalyst. (There was also no 
evidence for carbidic carbon formation, as witnessed by the high BE of the C (Is) signal 
during CO-hydrogenation). A GC sample was taken 10 minutes after the start of the 
12 hour re-reduction. This indicated that virtually only methane was desorbing from 
the catalyst surface. (Compare Figures 4.9 and 4.10). The above findings all indicate 
that the assignments of the C (Is) BE’s during the . uious treatments are realistic.
Re-reduction of catalyst B has little effect on the XPS signal shapes of the O 
(Is), Mn (2ps/2) and Co (2ps/@) spectra. The Co/Mn ratio was however again shown 
to decrease after this Hg treatment (0.38 to 0.12 ), and possible reasons for this have 
already been discussed.
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4.3. C onclusions
Various carbon apt vies are deposited over the catalyst during CO- hydrogenation, 
One being assigned to li .ht hydrocarbons, possibly "CH*" and/or "CzH**' adsorbed on 
cobalt, and the othe. being chemisorbed CG2. The CaH„ specie! desorb to form light 
hydrocarbons in the presence of Hg Instead of graohite, as is the case when pure CO gas 
is used. There is also some evidence for CO(@d,), and this species may be inserted into 
the growing hydrocarbon chains, thereby explaining higher alcohol yields observed when 
using these catalysts (compared to iron F-T catalysts), and the traces of low molecular 
weight alcohols observed in this study.
The build-up of carbonaceous material is less marked during CO-hydrogenation 
over Co/MnO catalysts compared to Fe/MnO and industrial iron based catalysts treated 
under similar conditions. There is also no build-up of carbonaceous material in the 
catalyst bulk, and this further highlights the higher hydrogenation activity observed 
with Co/MnO
During CO-hydrogenation, the cobalt remains reduced, whilst MnO is the pre­
dominant form of manganese at the surface. The cobalt concentration at the surface 
fluctuates before stabilising during fO-hydrogenation, and this behaviour is IL.ked to 
the amount of surface carbon present,
4.4. D ata  collected for the CO-hydrogenation study w ith pure cobalt- 
manganese oxide catalysts
See following pages.
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Figure 4.1. XFS apcctra recorded in the C (Is) region between various treatements,
for the CO-tpdtafiaation study with Co/MnO.
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figure 4,2. XPS spectra recorded in the O (Is) tegi»n henraeo w h ro s treatments, 
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Figure 4.3, XPS spectra ivcorded in the Mn (2pa/j) region between various
treatments, for the CO-hydrogenation study with Co/MnO,
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Figure 4,4. XPS spectra recorded in the Co (2p$/a) region between various
treatments, for the CO-hydrogenation study with Co/MnO.
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R.S.A.P.'# OP ELEM ENTS BETWEEN TREATM ENTS
TREATM ENT C C Mn Co
1 3 2 .9 8 0 .8 9 .7 6 .8
2 0 .0 7 4 .0 2 0 .0 6 .0
3 0 .0 6 8 .6 2 8 .8 4 .7
4 TK 6 6 .3 2 7 .0 17.7
5 22.1 61.6 16.3 11.1
8 2 6 .0 5 5 .0 10.4 6 .6
7 3 3 .4 5 6 .7 8.1 1.8
8 4QJS 4 9 .3 I S 3 .0
9 47.7 4 1 3 8 .7 4 ,3
10 3 2 . ' 4 6 .3 14 .6 4 .3
M 17.7 8 8 .3 12.3 3 .3
12 0 .0 7 8 .3 21.6 2 .2
Table 4.1. Relative surface atomic percentages of elements between the various 
treatments, for the CO-hydrogenaHon study with Co/MnO.
i /V ' eerhen 1VXJ e*yg«i mwifSReee «*elt
Figure 4.5. Graphic illustration of relative surface atomic percentages (r.s.a.p.’s) of 
elements betwien treatments, for the CO-hydrofenation 3tidy  with Co/MnO.
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Figure 4.6, Plot of r.s.a.p. trends after the various treatments, for the CO- 
hydrogenation study with Co/MnO.
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MASS/MASS X  HYDROCARBOK SEUlCTlVrtY
TREATMSNT a .
18 m ia. r-T .
1 h i e r  r  -T.
3 hou rs  F-T.
6 hour# r-T .
18 h o u rs  F-T.
24 h o u rs  r-T .
12 hours  Ha 
(C etalyst a)
Table 4.2. Mass/Maas % of hydcarbon components detected during various CO- 
hydrogenation treatments over Co/MnO.
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Figure 4.7. Comparison of C (Is) spectra recorded after carburisation and CO- 
hydrogenation treatments.
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Figure 4.8. Comparison of C (is) spectra recorded after 24 hours F-T synthesis 
over catalysts A and B, as well as the C (Is) spectrum recorded after the Ena! H2 
treatment over catalyst B,
IFigure 4,9. 6 0  trace recorded at 24 hours F-T synthesis over catalyst B.
ftfHS* 440. GC trace recorded at 10 minutes re-reduction over catalyst B, after 
m diy i * *oW 94 houm F-T «ynth«b.
;;
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C hap ter 5. CO -hydrogenation over a potassium -
prom oted cobalt-m anganese jx id e  ca ta lyst
5.1 Experimental route
Conditions similar to those employed with the unpromoted Co/MnO catalyst were 
used. A 0.25% potassium-promoted Co/MnO catalyst with a Co/(Co + Mn) bulk 
ratio of 0.47 was studied both under reducing as well as CO-hydrogenation conditions. 
Preparation of the Co/MnO catalyst has been reported elsewhere [47](48j. Promotion
of the catalyst was achieved using the incipient wetness technique before subsequently
calcining the catalyst in air. Colley et al. [87] have performed bulk (using XRD) and 
reactor studies on potassium-promoted Co/MnO catalysts, the results of which are 
compared with those obtained in this study. These reactor studies have shown that 
K2C 09 loadings of around 0.25% gives rise to the highest Cg and C@ c efen selectivities 
coupled to low methane production.
The catalyst was analysed by XPS in the following sequence:
1. Before treatment.
2. After 12 hours Hs (400°C ).
3. After 15 minutes F-T synthesis.
4. After 1 hour F-T synthesis.
5. After 3 hours F-T synthesis.
6. After 6 hours F-T synthesis.
7. After 12 hours F-T synthesis.
8 . After 12 hours R , (400°C),
9. After Ar+ bombardment (5 kV beam energy for 5 minutes).
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5.2. Results and disciiHbion
The text refen  to the C (is), K (2p), O (Is), Ma (2p3/2) and Co (Zpg/:) XPS 
spectra recorded between the various treatments, and compares the results with those 
discussed in the previous two chapters. The spectra, as well as various tables and 
graphs, are shown at the end of this chapter. The r.s.a.p.’s of the elements detected at 
the surface between the various treatments are quoted in Table 5.1.
5.2.1. U n trea ted  catalyst
Before treatment, the carbon C(ls) peak has a pronounced shoulder with a 
BE of 289.6 eV. As mentioned for the previous studies, this again is assigned to 
a C 03 (at»,) species, but in this case is also due to surface carbonate from K2C03. 
Thermogravimetric analysis during heating of samples of pure KgCOs in both ambient 
(oxidising) and Ha atmospheres have shown that KgCOg is thermally stable up to 850° C 
[88].
The main C (Is) signal has a BE of 286.0 eV and is Assigned to oxygena^d 
hydrocarbon contamination.
The r.s.a.p. of potassium of 6%, compared with a bulk concentration of 0.25%, is 
indicative that calcining the catalyst facilitates seg. egation of potassium to the surface. 
The K (2p) signal at a BE of 293,6 eV is broad and does not have a clear doublet 
structure, as does K20  and KOH [5ll{8^]’|90] (observed on iron catalysts with potassium 
promotion) or pure K as studied on cobalt by Bonze! et al. [76J. The peak shape may 
be attributed to the fact that a relatively low concentration of potassium was added to 
the catalyst (0.25%), and not that the potassium is edded in the form of K2CO3. C 
(Is) and K (%p) spectra of pure, untreated K2CO3 show that the K (2p) peak is in the 
form of a 2:1 doublet and there is a C (is) signal at 290.0 eV presumably from C 0 32 ". 
(See Figure 5.?}
There is some difficulty in the identification of the broad signal at the high BE side 
of the K (2p3/2) and K (2p i/3) peaks. After considering all the various options (XPS 
and AES transitions of all elements expected to be in the sample, as well as possible 
impurities and Incorrect sample position), we believe it could either be a Ta (MNN) or 
an ,A u (MNN) Auger transition arising from the sample holder. Moreover, this signal is
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not present m pure K2CO3 which was measured using a different sample holder. (See 
Figure 5.2).
Prior to treatments, the Co/Mn surface ratio is 0.45. TakLt the r.s.a.p. of 18.1% 
for carbon into account, this vaJue is in line with Co/Mn ratios before treatments m 
the previous two studies namely, reduction, carburisation and CO-hydrogenation of 
unpromoted Co/MnO. The Mn (2pa/a) signal has a maximum at 640.0 eV, and there 
is no clear evidence of a shake-up satellite- This is in contrast with the unpromoted 
Co/MnO, where the surface manganese was shown to be more oxidised prior to 
treatments with the Mn (2p3/3) peak being at 642.0 eV. (Presence of shake-up satellites 
is shown more clearly for the Mn (Zpa/a) and Mn (2pi/2) spectra recorded at higher 
sensitivities in Figure 5.6). The fact that thia peak is slightly broader than the 
subsequent Mn (Zpa/s) signals may obscure a shake-up satellite. The observed shape 
of the ptr«*k may be explained by the presence of M113O4 coupled to the presence of 
alkali promoter at the surface. The surface manganese of the calcined catalyst is not as 
oxidised as was the case with pure Co/MnO samples, indicating that COs2- ions may 
be in lattice sif t  previously occupied by excess O2- ions, with K+ being in the cation 
vacancies.
The Co (2p3/2) signal is clearly due to Co3* as indicated by the BE of the peak at 
780.3 eV and the shake-up satellite associated with a high-mpin (d7j configuration.
The fact that the cobalt peak BE is consistent with Co (2p3/a) signal EE's for 
calcined samples before treatments in the previous studies, coupled to the fact that 
the suiface manganese is less oxidised, may be indicative that the alkali promoter is 
localised and associat ed with the manganese oxide lattice.
The O (Is) signal is asymmetric in that it is broader on the higi? BE side of the 
peak. The shape of the signal is similar to the O (la) signal observed for the unpromoted 
catalyst F-T study prior to treatments. The asymmetric oxygen signal may be due to 
various oxides of manganese and cobalt, but is most probably due to oxygenated carbon, 
specifically carbonate from K3 CO3 . The r.s.a.p.’s of oxygen and potassium are 56.8 and 
6 % respectively. If all the potassium is in the form of K2CO3 , this implies that 9/56 x 
100% (or approximately 16%) of the O (is) signal is caused by the high BE shoulder. 
The fitted data shows that a larger portion than 16% constitutes the high BE shoulder
on the O (is) signal, and this is probably due to oxygen from COa (ad«) species which 
have also been observed over untreated Co/MnO without potassium promotion.
5.2.2. R eduction  w ith  H?
Reduction with H2 for 12 hours has the effect of temovipg all the carbon with a B'ti 
of 286.0 eV, it there is still carbon present with a BE of 290.6 eV. This is in contrast to 
reductions performed in the previous studies with unpromoted Co/MnO where all the 
carbon is seen to be removed by reduction a t 400°C . Reduction and CO-hydrogenation 
of industrial iron catalysts, with KgO loadings of approximately 0.2, 0.4 and 0.6%, have 
been studied [43). (Also see Chapter 6). These studies show that reduction cf untrested 
samples gives rise to graphitic carbon formation (from the original hydrocarbon nvrface 
contamination), and this process is seen to be more easily facilitated on the iron catalysts 
with higher KgO loadings.
The fact that a C (is) BE of around 290 eV has been associated with an adsorbed 
CO2 species (which are known to desorb with increased temperature), may be taken as 
evidence that the peak at 290.6 eV is now associated with the carbona+d of the K3CO3 
promoter. This also gives credibility to the argument that adsorbpu COg on Co/MnO 
has a C (Is) BE arcund 290 eV. The r-s.a.p/s of carbon (5.1%) vnd potassium (10.1%) 
indicate that most, if not all of the potassium is in the form cr K2CO3 after reduction. 
This finding is in contrast to reported evidence by Bonzel et tu. who suggest the presence 
of KOH ?fter the reduction of KNO3 , K» CO3 and KOH promoted iron and platinum 
surfaces (91). These workers however, employed different conditions in that samples 
were annealed in UHV using temperatures of up to 690 K. This wac performed prior to 
reduction with Ha at 570 K in a reactor interfaced to the UHV chamber. After heating 
of their samples in UHV, the KNO3 and K2CO3 were shown to be in various states of 
decomposition.
The r.s.a,p. of potassium after reduction increases from 6.1% to 10.1% and is 
associated with a change in shape of the K (2p) XPS signal which is seen to more closely 
approach that of a doublet (albeit not a  clear 2:1 doublet associated with K3O and 
KOH, observed over an industrial catalyst (see sulphur poisoning study) and potassium 
metal over ccbalt [76]). The high r.s.a.p. of potassium is indicative that *ne promotor
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*e2*eg&tes to the surface. This is consistent with other studies tha.; have observed 
surface mobility of potassium promoters [43][80j.
Treatment with Ha lias the effect of lowering the Co/MnO ratio from 0.45 to 0.25. 
The Co/Mn ratio b" reduction is however considerably higher than the ratios after 
reduction over unpromoted Co/MnO, which was shown to give a  ratio in the region 
of 0.15. This difference is obviously due to potassium promotion of the Co/MnO, 
but can be explained on examination of the cobalt and manganese XPS spectra, more 
specifically, by differences between the cobalt and manganese spectra of the promoted 
catalyst after reduction with respect to unpromoted catalysts after the same treatment.
After reduction the Mn (Zpa/g) signal becomes narrower and a  shake-up satellite 
becomes mo * evident. (This is shown more clearly with the manganese spectru recorded 
a t higher sensitivities in Figure 5.6* The Hg treatment therefore gives rise to MnO. This 
behaviour for manganese was observed with H3 treatments over unpromoted Co/MnO. 
but the concentration of MnO in the potassium promoted sample is higher, as is 
witnessed by the clearer shake-up satellite.
The Co (2P3/3) signal of the K-promoted sample after treatment with Ha differs 
with those observed with pure Co/MnO after the same treatment. In the studies using 
unpromoted  Co/MnO catalysts, reduction of the cobalt at the surface was more easily 
facilitated and shown to be c -ipletn. In this study, reduction of the surface cobalt 
is incomplete, as shown by the broader Co (Zps/g) signal with the metallic and oxide 
components. The presence of Co2+ ;s confirmed by ihakv-up satellite, which is 
stil) present (albeit supressed). The preceding studies have led to the assumption 
that metallic cobalt may be mobile, and that reduction may start in the bulk. These 
assumptions, as well as the incompletely reduced cobalt at the surface may explain 
the higher th in  expected Co/Mn ratio after reduction Obviously potassium inhibits 
reduction of the catalyst surface and this is clearly shown by the behaviour of the cobalt. 
The presence of K2CO3 would lower thi; number of cation vacancies in the MnO latt.ee, 
resulting in the metallic cobalt having a lower diffusion capability.
If one considers the Co (2ps/a) signal after Ar+ bombardment a t the end of the 
study, it is clear that the cobalt in the catalyst b ilk is considerably more reduced than at 
the surface, as is shown by the sharp peak at a BE of 778.3 eV and the disappearance 
of the shake-up satellite associated with Co3* . The fact that there is no potassium
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after the final Ar* treatment gives credibility to the abr i  arguments concei iing the 
mechanism of reduction coupl«l tc the behavio ir of the cooalt and the effect alltali may 
have on these.
The r.s.a.p.’s calculated for carbon and potassium after the Hg treatment indicate 
that all the surface carbon (5.1%) originates from K2CO3. The K:C:0 ratio for 
potassium carbonate is 2:1:3, this implies that O2- from the carbonate constitutes 
approximately 15% of the atoms at the surface, >r 15/60.9 x 100% of the area of the O 
(Is) signal. Indeed, a high BE shoulder on the C (Is) peak cnstitutin$; approximately 
25% of the O (Is) peak area is observed after th<‘ Hg treatment.
The shape of the O (Is) signal after reduction also differs from that observed after 
the same treatment over unpromoted Co/MnO in that there is no broad shoulder at the 
low BE side of the main peak at 530.0 eV. The reasons for this are not clear, but may 
lie in the difference between the Mn (Zpa/a) spectra of the unprcmotec and promoted 
samples after reduction. The most obvious difference being that the Mn (293/2) signal 
of the promoted catalyst is slightly nar>x>wer and and the shake-up satellite is more 
obvious after treatment with Hg . The cobalt spectrum in the promoted sample is 
also different, in that the cobalt is not completely reduced. Furthermore, the cobalt 
remains incompletely reduced during subsequent CO-hydrogenation treatments, and the 
O (Is) spectra more closely approximate those of an unpromoted sample during these 
treatments. This leads to the deduction that the differences in the O (Is) spectra after 
reduction of unpromoted and promoted Co/MnO are in fact, largely due to differences 
in the Mn (2p) spectra.
5.2.3, CO -hydrogenation
After 15 minutes F-T synthesis over the potassium promoted Co/MnO catalyst, 
carbon with a  BE a C (Is) of 285.1 eV is seen to appear and this is once again assigned 
to hydrogenated carbon species. The peak with a  BE of 289.5 ?V is seen to increase 
relative to the K (2p) signal ,/hich retains it's doublet shape. This high BE C (Is) signal 
can therefore be attributed to adsorbed CO* and carbonate from K3CO3 . As is the 
case with unpromoted Co/MnO, there Is no evidence for graphitic or carbidi carbon 
after exposr-e to synthesis gas.
TO
The Mn (2p9/?) signal remains virtually unchanged during the F-T treatments, 
indicating that the manganese at the surface remains in the form of MnO.
The Co (2p3/2) signal indicates that the oxide component at a BE of 780.5 cV 
increases, and this is highlighted by the appearance of a  more prominent shake-up 
satellite. The Co/Mn ratio increases from 0.25 to 0.36 which is approximately the same 
value ps was observed after pure CO treatment* of unpromoted Co/MnO, which had 
the effect of oxidizing the cobalt to CoO.
The O (Is) spectrum is seen to iemain virtually unchanged during F-T synthesis, 
and the continued presence of a high BE shoulder, can be attributed to a mixture of 
oxygenated carbon species, namely CO? (ad«), CO33"  (from K3CO3) and to a lesser 
extent CO;**.). It is interesting to note that in the previous CO/Hg study with 
unpromoted Co/MnO, that a high BE shoulder appeared on the O (is) signal when 
oxygenated carbon species where observed at .he surface. (See Figures 4.1 and 4.2 with 
respect to treatment 8).
The GC trace recorded at 15 nonutes F-T synthesis indicates that the potassium 
has a profound effect on the hydrocarbon distribution when compared to a GC spectrum 
taken at the same time (with the same reaction conditions employed) but using unpro­
moted Co/MnO. Potassium has the effect of lowering methane production, increasing 
the th x olefin to parrafin ratio and increasing the average hydrocarbon chain-length. 
(See Table 5.2 of M/M % hydrocarbons after the various treatments). These findings 
correspond well to bulk reactor studies performed with these catalysts [87] , which show 
that promotion increases the low molecular weight alkene/alkane ratios (Cg
and C3), and decreases methane selectivity. (See Table 5.3).
After 1 hour F-T synthesis the C (is) peak at 285.1 eV is set.: to have increased 
wlilst that from the adsorbed COa and/or ca,bonate species is supresaed. The K 
(2p) signals are also lower. The increased intensity of the C (is) signal at 295.1 eV 
is associated with a  decrease in methane production and an increase in the average 
hydrocarbon chain-length. The Co/Mn ratio inc- sases marginally from 0.34 to 0.38 and 
the CoO component in the Co (2p3/a) signal is slightly increased, whilst the Mn (2pa/a) 
and O (Is) signals are unchanged.
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After 3 hours F-T synthesis the intensity of the C (Is) peak at a BE of 285.1 
eV decreases considerably, whilst he potassium and oxygenated carbon signals are 
enhanced. Overall, there is a large decrease in the amount of carbon at the surface (the 
r s.a.p. is lowered from 12.7 to 6.2%). These changes are reinforced by the increases in 
the r.s.a.p.’s of all the other elements. The GC spectrum recorded at 3 hours synthesis 
indicates a reversal in the hydrogenation activity of the catalyst when the surface is in 
this condition. (See Ttble 5.2). Methane production increases to approximately 84% 
and the average hydrocarbon chain-length decreases. Again, as was the case in the 
F-T study with an unpromoted catalyst, a convenient explanation for the deviation in 
hydrogenation activity is forthcoming when one considers the experimental conditions 
of the reaction. The actual temperature of the catalyst was shown to be lower than 
the measured one. (See Chapter 2, page 14). This explains the stabilised COa (ad»i 
peak, and the possible decreased propensity /or CO dissociation would explain the 
low intensity hydrocarbon C (Is) peak at 285.1 #V, as well as the significant increase 
in methane production, coupled to the smaller percentage of C@ to C@ hydrocarbon 
formation. Furthermore this "error” highlights the temperature dependence o f the 
selectivity for this F-T reaction which in turn could have important consequences on 
the catalyst lifetime. The fact that on removal of of a %e portion of the carbon with 
a C (Is) BE at 285.1 eV exposes the potassium signal (and results in an increase in 
the r.s.a.p.’s of the other elements) is again indicative that this carbon signal is due to 
hydrogenated carbon or alkyl species.
F-T reactions over the catalyst were carried out up to a total of 12 hours. After 
6  and 12 hours F-T synthesis, the hydrogenated carbon species is seen to increase 
and the r.s.a.p.’s of carbon are 28.6 and 32.3% respectively. There is also evidence 
suggesting a carbon species with a C (Is) BE of 288.0 eV, and this may be due to 
oxygenated hydrocarbon or C O ^ ,)  species. This species is more obvious over 
Co/MnO with potassium promotion compared to pure Co/MnO after 6  and 12 hours 
F-T synthesis. (See Figure 5.3). This may explain the higher oxygenated hydrocarbon 
production observed during CO-hydrogenation over potassium promoted Co/MnO with 
bulk reactor studies. (See Table 5.3). These reactor studies show that potassium 
promotion increases the production of heavier alcohols. This may be linked to the 
evidence for increased CO(a<1», species on the catalyst, which could via CO insertion into
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the |  rowing hydrocarbon chains* result in alcohol formation. As mentioned previously, 
this effect would be more pronounced for higher carbon numbers [82].
The results from the present study show that an increase in the C (Is) signal with 
a BE of 285.1 eV is associated with an incrjaee in the metallic component of the Co 
(2p.v .J XPS signal, and these findings are consistent with those in the previous F-T 
study using unpromoted Co/MnO.
CO adsorption studies over potassium (metal) promoted, and unpromoted cobalt 
foil undertaker by Bonze! et al. (76] claim evidence that alkali has the effect of decreasing 
the C (Is) BE of molecular CO due to enhanced electron density on the CO molecule. 
These workers showed that potassium enhances the the amount of CO adsorbed and 
thermally stabilises the adsorbed molecule, resulting in increased carbon deposition due 
to the enhancement of the CO adsorption step. Indeed, numerous studies have shown 
that potassium facilitates the decomposition of CO [92-95], Bonzel et al. also showed 
that the presence of potassium results in carbidic (and not graphitic) carbon formation, 
and that the reactivity of this species is lowered by potassium, thereby helping to explain 
the lower methaaation rates observed with potassium- promoted F-T catalysts (76].
The amount of carbon deposited during F-T synthesis on the catalyst in the present 
study does not differ markedly with respect to unpromoted Co/MnO, although one 
would expect to see enhanced carbon build-up due to potassium-promotion. One reason 
why thia is not observed may be due to the chosen operating conditions, in that the 
F-T reactions are seen to be performed in a critical temperature region. (See preceding 
discussion on temperature monitoring). A mort likely reason however, is that the 
carbon (or more specifically, hydrocarbon) observed at the surface has been shown to be 
associated with metallic cobalt, and K2C 03 promotion of the Co/MnO catalyst inhibits 
reduction of the surface cobalt. A fact that can be used to further substantiate this 
argument are reports of potassium delaying graphitication and carbon build-up on iron 
oxide surfaces [96] [97].
5.3.4. Re-reduction w ith Ha
The catalyst was re-reduced after 12 hours F-T synthesis, resulting in significant 
changes in the C (Is), K (2p) and Co (2p) XPS spectra.
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Re-reduction has the effect of removing most, but not ail the surface carbon. There 
is still a C (la) peak at a BE of 285.1 eV associated with surface hydrocarbon species. 
A slightly lower BE (around 284.4 eV) for th a  peak would be indicative of graphitic 
carbon which is inert to hydrogenation. Re-reductior of an unpromoted Co/MnO 
catalyst (in the preceding study) which had been subjected to 24 hours of F-T synthesis 
was shown to remove all the suiface carbon. The fact that not all the carbon at the 
surface is removed by reduction confirms that most of the remaining carbon may have 
graphitic characteristics. After the re-ieduction there is some evidence for the presence 
of carbonate as indicated by the s:'?ht "hump” between the C (Is) peak at 285.1 eV 
and the K f2p) signal. Reduction of the untreated catalyst showed a C (Is) signal at 
289.6 eV which was assumed to be from COa3- in K2CO3 . There is also no reason to 
suspect that the signal (which if not very clear) around 290 eV (after re-reduction) is 
not due to KgCOg. (Also see Figure 5.2. showing the C (Is) and K (2p) spectra of pure 
K2CO3). Removal of a large portion of the carbon exposes the potassium as shown by 
the r.s.a.p. increase from 4.5 to 8.9% for potassium.
Re-reduction of the catalyst has no effect on the Co/Mn ratio which is seen to 
remain unchanged at 0.32. The surface cobalt is largely re-oxidised as shown by the 
sharp Co (293/3) signal at 779.7 eV which has a clear shake-up satellite indicating the 
presence of Co24-. The behaviour of the cobalt after this treatment is in contrast with 
that observed for unpromoted catalyst. On re-reduction of the unpromoted catalyst the 
Co/Mn ratio decreased to 0.12, and only metallic cobalt was observed at the surface. 
The influence that the alkzii promoter has on facilitating these differences has been 
discussed with the results for the reduction of the untreated sample in this study.
Re-reduction has no visible/marked effect on the G (is) &nd Mn (2p) XPS signals.
5.2.5 Argon ion bom bardm ent
Finally, a mild argon ion bombardment treatment was performed to ascertain the 
possible differences between the surface a-;d t’te bulk catalyst. This treatment is shown 
to result in the removal of all the potassium, as is witnessed by the disappearance of the 
K (2p) signal. Removal of the potassium is therefore indicative that it segregates to the 
surface or near surface both before and during the various treatments. This corresponds
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with XRD findings which show that potassium promotion at the levels Investigated here 
does not in any way effect the bulk structure of Co/MnO catalysts [87].
A trace amount of carbon at C (Is) BE’s cf 284.4 eV Mid 283.3 eV may be taken 
aL weak evidence for graphitic and carbidic carbon, respectively, with a possibility of 
some hydrogenated carbon due to the broad C (Is) signal(s) observed. The promoter is 
expected to have a considerable influence on the catalyst surface area and it is possible 
that this increase may be associated with m cased porosity which would facilitate 
some carbon build-up in the catalyst bulk. The presence of rarbon after treatment 
with H3 may also be linked to the lower hydrogenation activity observed with promoted 
Co/MnO.
Apart from increases in the l a  a.p.'s, of oxygen and manganese, only the O (Is) 
signal changes slightly after Ar+ bombardment in that it is seen to become slightly 
narrower. This is presumably due to the removal of oxygen originating from K2CO3 .
Furthermore, Ar+ bombardment indicates that that the sub-surface cobalt is 
metallic as witnessed by the sharp Co (Zpa/g) peak at 778.3 eV and the disappearance 
of the shake-up satellite associated with Co24- or CoO. This reduced cobalt is associated 
with removal of the potassium and gives credibility to the assumptions that reduction 
is initiated in the catalyst bulk and that the metallic cobalt is mobile. This is coupled 
to the idea, that potassium inhibits reduction of cobalt at the surface.
5.3. Conclusions
Surface segregation of the potassium carbonate takes place before and during the 
various treatments.
Before treatment, the manganese at the surface is law oxidised compared with 
unprompted Co/MnO. This indicates that COa3- may be present in lattice sites 
previously occupied by excess 0 3~ ions, along with K+ in the cation vacancies. This 
limits the diffusion of metallic cobalt (previously claimed to have become reduced in the 
bulk) through the MnO lattice, and explains why cobalt in the catalyst bulk is more 
reduced than at the surface.
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After H? treatment, the carbonate component in KgCOa remains intact. The 
presence of alkali promoter inhibits efficient ieduction of the surface cobalt. This is 
shown to effect the amount o f carbon deposited over the catalyst daring the subsequent 
CO/Hg treatments, since previous work with unpromoted Co/MnO has shown that the 
amount of metallic cobalt influences the surface carbon concentration,
""he potassium promoter lowers the hydrogenation activity of the catalyst during 
the CO/Hg treatments when operating at 190°C . Evidence for small amounts of 
adsorbed CO c a n  be used to explain the increased tendency for alcohol production 
over K2 CO3 promoted Co/MnO.
5.4. D a ta  collected for th e  CO-hy ogenaiion study w ith  potassium  
prom oted cobalt-m anganese oxide catalysts
See following pages
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Figure 5.1. XPS spectra recorded in the C (Is) emd K (2p) regions between various
treatments, for the CO-hydrogsnation :t  idy with K-promoted Co/MnO.
*T
Binding E nergy  (eV)
Figure 5.2. XPS spectrum recorded in the C (Is) and K (2p) regions of pure, 
untreated K2 CO3 .
(Ne) pure Co/MnO
KaC03 prom oted Co/MnO
3 0 0280 2 8 5
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?@0
Figure 5.3. Comparison of XPS spectra recorded in the C (Is) and L (2p) regions 
after 12 hours CO-hydrogenation over pure and K-promoted Co/MnO.
A(Ne) 1 hour F—T
6. 6 hours F-T
7. 12
8 HzC*<x3ac)
9, Af
540523
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Figure 5.4. XPS spectra recorded in the O (Is) region between various treatments,
for the CO-hydrogenation study with K-prcmoted Co/MnO.
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Figure 5.S. XPS spectra recorded in the Mu (2pj/j) and Mr. (2pi/a) region between 
various treatments, for the CO-hydrogemtio.i study with .(-promoted Co/MnO,
# 0
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bitiUmg Energy (eV) ----------—
Figure 5.6. XPS spectra recorded in the Mn (2p3/3) and Mn region at
higher sensitivity, for the CO-hydrogenation study with K-promoted Co/MnO.
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Figure 5,7. XPS spectra recorded in the Co (Zpg/a) and Co (2pI/'2) region between
various treatments, for the CO-hydrogenation study with K-promoted Co/MnO.
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B.S.A.P.'s Or ELEMENTS BETWEEN TRBATMMTS
TRSATMINT e 0 Mn Ce K
1 :6.i #&# 53.8 5.9 8.0
8 4.1 eo.i 19.6 4.4 10.0
3 7.9 eo.4 16.8 8.6 6.3
4 12,7 s e a 16.1 ? a 1.7
S 6,2 20.9 7.7 2.1
6 28.6 16.4 8 9 TR
? im,9 ia .s ifi.S 6.0 48
e T.9 67.4 19.6 88
9 TB 93.8 »7 8 95
Table 5.1- Relative surface atomic percentages of elements between various treat­
ments, for the CO-hydrogenation study with K-promoted Co/MnO.
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Figure 5.8. Graphic illustration of relative surface atomic percentages of elements 
between the various treatments, for the CO-hydrogenation study with K-promoted 
Co/MnO.
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MASS, 'MASS % HYDROCARBON SSL1CTIVITY
T a b le  5.2. Mass/Mass % <>f hydrocarbor components detected during various CO- 
hydrogeiiation treatments over K-promoted Co/MnO.
C
P e r c e n t  p o ta s s iu m  p r o m o t io n  0 .2 6  0.00
t e ^ p - i - e t u r e  2 2 0 "  C 220* C
P r e s s u r e  5 0 0  k P a  SCO k P a
SHSV m t h-* 250  h -
P e r e s n t  CO c o n v e r s io n  37 ,5  37.5
HYDROCARBON « H J CT n : ; r T  (% BY KAjS ) 
C l  4 . 7  a . a
C 2 - 2 , 7  2.3
C2 0 .6  3.5
C 3 -  9 .9  13.6
C3 LB 3.7
C4 7,8 B.3
C 5* 4 7 .6  36.2
\ LCQH0L SgLgCTIVITY (% BY MASS)
C. 0 . 3  IS.8
C2 0 . 8  0.6
C 3  3.8  2 . 0
C4 1.3 3.8
C 5  0 .4  1 . 0
C6 0 .6  0 . 4
C7 0 .9  0 . 4
c a  1 . 7  0 . 4
CO 1.1 0 . 5
CIO-*- 1 1 . 3  6 . 1
TOTAL % MASS OP ALCOHOLS 20 .3  1 5 . 8
Table 5.3. Hydrocarbon product distributions obtained from bulk reactor studies 
during CO-hydrogenation over pure and K'promoted Co/MnO catalysts.
C h ap te r 6. H 2S poisoning over an  industria l iron-based 
CO -hydrogenation cata lyst
6.1. Introduction
It is well known that sulphur compounds rapidly deactivate Fischer-Tropsh cat­
alysts during CO-hydrogenation. Sulphur poisoning of a metal catalyst surface takes 
place because the adsorption of reactant gases (ic this case, Hs and CO) is prevented, 
in that the strong metal sulphur bond inhibits co-adsorption of other molecules [98|. 
Sun ace poisoning by sulphur is observed at ppb levels and total surface coverages are 
reached at 250<,C to 450*C w'th ratios between 10-7  and 10™10 for cobalt,
iron and nickel surfaces |99|. This 1: explained by the fact that each sulphur atom tends 
to bond to 3 or 4 metal atoms.
Since electropositive atoms such as the alkali Group I metals are known to promote 
the activity of metal catalysts, it may be expected that electronegative elemvnts will act 
as poisons (100]. Sulphur would therefore be expected to lower the catalyst < ctivity by 
removing electrons [101) whereas K3O would increase the activity by donating electrons 
to the metal. This is said to explain why iron-oxide is an inactive F-T synthesis 
catalyst (5j. The mechanism of sulphur interaction with alkali promoted iron ca .alysts, 
is however, poorly understood.
Anderson et al. showed that promotion with potassium increased the sulphur 
resistance of F-T catalysts tenfold [102] In a review by Maddon and Shaw (103], several 
patents are mentioned which claim that K3O promotion is effective for delaying or 
preventing poisoning by sulphur. Synthesis tests performed by Sasol (&] have however, 
shown that the amount of CO adsorbed decreases linearly with the amount of HjS 
adsorbed. These workers argue that since CO is assumed to selectively rhemisorb on 
the exposed (reduced) trcn surface, the above result is said to indicate that H^S did not 
combine with surface KgO in preference to the metallic iron. It should, however, be 
noted that CO adsorption is strongest at sites promoted by potassium, and & decrease 
in the number of these sites due to sulphur poisoning could lead to a  reduction in the 
amount of GO adsorbed, thereby masking the "getter" effect of potassium (*3],
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Re-activation conditions for the catalysts poisoned by sulphur are determined by 
the metal-sulphur bond characteristics. Re-oxidation has to be carried out at high 
temperatures, since re-reduction alone leads to a re distribution of sulphur and no re­
activation {KM].
6.2. Experimental details
Circular discs of fused magnetite with the following bulk composition (determined 
by XRF) were used. KaO (0.58%), CaO (1.13%), MgO (0.74%), Ai30 3 (1.1%) and Si02 
(0.74%).
Chapter 2 should be consulted for details of the sample preparation procedures.
The catalyst surface was characterised between various treatments administered in 
the following sequence:
1. Before treatment
2. Reduction with %  (12 hours).
3. 1 hour F-T synthesis. (A)
4. 1 ml H2S (co room tem pera tu re).
5. 1 hour F-T synthesis. (B)
1 m l H3S (co 100°C).
6 . 1 hour F-T synthesis. (C)
7. 2 ml HgS (co room temperature).
1 hour F-T synthesis, (D)
8 . Re-reduction with Hg (12 hours).
Surface characterisation using XPS and AES was carried out before and after 
treatments (1 to 8 , as shown above), which were administered in the high pressure 
i actor interfaced to the UHV chamber. AES was used to differentiate between iron- 
rich -'’reas and promoter-rich areas (or inclusions), previously observed on these catalysts 
[43].
8 1
Reduction was performed at 400*0 using a pressure of 600 kPa. CO-hydrogenation 
was performed at 240°C , using a pressure of 600 kPa, up to a total of 4 hours.
1 and 2 ml pulses of 7 ppm H^S in Hg were injected into the reactor under 100 
kPa pressure without heating the sample. This was achieved using a gas syringe and 
introducing the gas through a septum fitted to the gas inlrt line of the reactor. (See 
Figure 2.5). H3S was administered before and after the various stages of F-T synthesis 
so as to monitor the possible effect of changing the treatment sequence.
GC data were collected at the end of each F-T treatment (A, B, C, and D, as 
indicate hove) so as to ascertain the effect of HgS on the catalyst hydrocarbon
selectivity.
6.3. R esults and  discusssion
The text refers to XPS and AES spectra recorded between the various treatments, 
as well as tables illustrating the quantified hydrocarbon data, are shown at the end of
this chapter.
6.3.1. R eduction  and initial CO -hydrogenation
The surface characteristics of these catalysts during reduction and 
CO-hydrogenation have been extensively studied [43].
Before any treatment was administered to the catalyst, there was a significant 
amount of carbon present at the surface. The C (Is) signal has a BE of 285.5 eV, 
and this is assigned to "adventitious” and/or oxygenated hydrocarbon contamination, 
presumably originating from the cleaning procedure with acetone (43]. The surface 
concentration of potassium is also high, as witnessed by the large K (2ps/g) signal at 
a BE of 293.6 eV (This BE can be associated with K+, since K2O is added to the 
catalyst).
Prior to treatments, the iron at the surface is oxidised. This is shown by the bread 
Fe (2p3ya* signal at TILS eV ana the shape of the O (Is) signal is probably due to th*1 
presence of mixed iron oddee.
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After 12 hours of reduction with Hg at 400*C , the surface concentration of all the 
promoters (except potassium) increases, and this is consistent with previous findings
[51]. (See Figures 6.2, 6.4, and 6,5). The iron is almost completely reduced as witnessed 
by the shift in the Fe (2ps/a) peak to a  BE of 706.6 eV. This slso results in a narrower
O (la) signal, thereby reinforcing the previous assumption regarding the O (Is) signal 
shape. The reduction treatment lowers the surface concentration of potassium with 
respect to carbon. Since potasaium Is known to be mobile over these catalysts, it may 
be assumed that some of the potassium has migrated into the catalyst bulk. The C  (Is) 
peak shifts to a BE of 284.3 eV. indicating that the surface carbon becomes graphitic. 
This explains the large amount of carbon present at the surface after reduction, and is 
consistent with reduction and F-T studies over similar catalysts (43), which show that 
samples with 1 igher levels of KgO promotion (0.56%, compared with say, 0.18%) tend 
to facilitate graphite formation.
After 1 hour of subsequent F-T synthesis, an increase in carbon deposition coupled 
with a lowering in the K (2p) signal intensity is observed. (See Figure 6.2). The 
2:1 doublet of the K (2p) signal is less clear, and the broader K (2p) signal may be 
ascribed to the formation of potassium hydroxide (41), due to the presence of H?0 
formed during the F-T reaction. The initial CO-hydrog*?nation treatment does not 
change the appearance of the XPS spectra obtained from the other elements (namely 
iron, calcium, silicon, aluminium, oxygen and magnesium}.
6.8.2. H2S poisoning during CO-hydrog<mation
The carbon deposited at the surface both before and after the administration of 
is seen to have a C (Is) BE at 284.2 cV similar to that of graphite. This is consistent 
with other studies on iron (40] and nickel [94], where potassium was found to accelerate 
the transition to graphitic carbon.
The K (2p) doublet lineshape is dependent on the ordei in which the H%S is 
introduced over the catalyst. Namely, directly before F-T synthesis over the catalyst, 
or directly after. When the surface was analysed directly a fte r  the introduction of 
HiS , the k  (2p) doublet shape becomes more apparent (see Figure 6.2), and when 
the surface is analysed directly a fte r  F-T synthesis, the K (2p) 2.1 doublet shape is 
not as obvious. (Possible reasoiw for the behaviour of the potassium are cited below).
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The Fe (Spa/s) signal at 706.8 eV remains unchanged after HgS treatments, indicating 
tha t no noticeable oxidation of the iron (or iron sulphide formation) takes place under 
the conditions employed. The XPS signals of the remaining elements do not seem to 
be affected by the introduction of H3S . Small amounts of sulphur are detected at a S 
(2p) BE of ±  162 eV, indicating that sulphur is indeed present at the surface after the 
relevant treatments. (See Figure 6.4). The assignment of the S (2p) signals to specific 
sulphur containing species, is however difficult dus to the high sensitivity at which the 
spectra were recorded and the large amount of resultant noise.
Under the chosen operating conditions, and with the equipment utilised, changes 
in the catalyst activity could not be determined accurately with GC. The product 
selectivity  changes of the catalyst after treatment with HgS were however, readily 
observed.
Introduction of HgS has the effect of modifying the hydrocarbon distribution, in 
that a genera] increase in the Ci and Cg hydrocarbon production is observed (see Table 
6,1). The C3 and C@ olefin to paraffin ratios are also lowered (see Table 6.2). These 
values are seen to fluctuate according to the order in which the H2S is added (refer to 
the experimental outline at the beginning of this chapter). The H^S for treatment 5 was 
introduced directly after F-T synthesis at 2*,0°C was performed over the catalyst; whilst 
the HgS for treatments 4 and 7 were administered directly after surface analysis in the 
UHV chamber. The result of this is that HaS for treatment 5 was administered whilst 
the catalys" was at a higher temperature compared to the other two HgS treatments. 
The effect of introducing H?S at higher tempeiatrre is shown in the GC data, where 
the methane production in the subsequent F-T reaction increases.
From the XPS and GC data, it is clear that when introduced at low levels (and low 
temperature), the H@S interacts with potassium (presumably in the form of KOH), and 
this somehow inhibits, but does not cancel, the role of the potassium promoter. This is 
shown by the increase in methane production, coupled to decreases in the low molecular 
weight hydrocarbon olefin/p?ra@n ratios and lower average hydrocarbon chain-lengtfcs 
(up to C6). The fact that this is not a  constantly increasing trend, indicates that 
the catalyst is capable of "recovering" some of it's original selectivity during the F-T 
«?ciiioae. The observation th \t the catalyst still produces hydrocarbons, even after the 
final H3S treatment, coupled to the unchanging Fe (2p3/3) signal, is indicative that the
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treatment temperatures and sulphur levels ?re sufficiently low so as to exhibit selective 
association v ith  potassium centres. Moreover, this assumption is further reinforced by 
findings that a?, very low levels of HgS (13 ppb) in the gas phase, the methanation 
activity of pure transition metal catalysts decreases by about tenfold, and this is 
accompanied by an increase in the average hydrocarbon chain-length (99}. This fact 
is probably not due to electronic interactions, but rather because of geometric blocking 
of the active sites, and this explainatkm is in agreement with a  recent theoretical study 
[100].
The changing K (2p) XPS signal, as well as the varying GC data may be correlated 
with soire of the AES data. Previous ED AX (or Energy Dispersive Analysis of X- 
rays) studies with these catalysts (43j, show that the oxide promoters, AI2O3 , SiOg, 
CaO, and K^O associate to form promoter-rich inclusions over the catalyst, dispersed 
between iron-rich centres. These promoter-rich inclusions contain potassium silicates.
AES spot analyses performed in this study between the various treatments, show 
that strong K (1LM) signals originating from a promoter-rich area are associated ".ith 
lower S (LMM) signals, .vixen compared with iron-rich areas with strong K (LLM) 
signals. Conversely, iron-rich areas with weak K (LLM) signals (relative to the > (KLL) 
signal), show very little sulphur deposition. (See Figure 6.7). Since the XPS data shows 
that sulphur attacks the potassium, the AES data therefore shows that sulphur has a 
higher ahinity towards potassium in the iron-rich areas, compared with the potassium 
in the promoter-rich areas.
Since it has previously been established that KOK derived from K20 , is mobile 
over the entire catalyst surface (IPS), and that the promoter-rich inclusions contain 
potassium silicates, the following explanation as to the observed characteristics of the 
catalyst system between CO-hydrogenation and HgS treatments is put forwa,
It is proposed that sulphur (from the HsS) internets with potassium (fnm  KCH) 
to form a "K*Sp" alkali-poiysulphide complex [106] via an acid-base reaction wh'bi, the 
potassium silicate remains intact. This explains the apparent affinity of tK  sulphur for 
the potaadum associated with iron-rich areas, (As illustrated by the AEC data). It is 
further proposed that water produced by the F-T reactions facilitates leaching of KOH 
from potassium silicate in the promoter-rich inclusions, thereby countering complete 
deactivvtian of the catalyst [107]. (See Figure 6.1). This theory can also be used to
92
Figure 8,1, Schematic representation of the proposed interaction of HgS with the 
Imdmlnai iron caWyst.
ear •'Iain the variable hydrocarbon selectivities observed, in that the roi of the potassium 
is parti&tiy restored.
6.3.3, Re-veduction w ith  H3
Reduction of the treated catalyst has the effect of removing a large portion of the 
surface carbon (The C (Is) signal intensity decreases relative to the K (2p) signal). 
Graphitic carbon with a C (Is) BE of 284.2 eV is left at thr surface.
Aaolygif of the surface after re-reduction (performed at 400 ( hcyws that the 
sulphur M 39t removed (see Figures 6.4 and 6.7). This is consistent with findings of other 
workers who claim that a fluidlsed iron catalyst which has been poisoned by sulphur is 
not readily reactivated, and that high temperature reduction (up to 451'°C ) with pure 
Hi has ,10 reactivating effect [5],
6.4. Conclusions
When HgS w introduced over the catalyst under the experimental conditions 
employed, it selectively attacks potassium centres in KOH, and r.ut the metallic iron 
centre. This m shown to inhibit the role of the potassium during CO-hydrogenation in 
that metha je selectivity increases, and low molecular weight olefin selectivity declines. 
The exfcifit of the hydrocarbon selectivity changes are determined by the temperature 
of the catalyst wlisa the HgS is injected, in that these changes are more marked when 
the HgS is administered at higher temperature.
Based oa the XPS, AES and GC results (and incorporating other ED AX findings), 
a theory on the possible mechanism of H? interaction with the catalyst was proposed.
6.5, Data collected for the HgS poisoning study over an industrial iron 
catalyst
See following pages.
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Figure 6.4. XPS spectra recorded in the Si (2s) and S (2p) regions between various
treatments, for the HgS poisoning study with an industrial iron catalyst.
97
(Ne)
Uq(KLL)
C o ( 2 p ,  A u g e r  t r u n c i h ' c n
^ V T v y v r^
y K r \  ,
' i ^ W v w —
^ 1 , . l  , I^ L ,_ L . l ^
Binding Energy (eV) -----------
Figure 6 .S. XPS spectra recorded in the Ca (2p> region and Mg (KLL) Auger region 
betwem various treatments, for the HgS poisoning study with an industrial iron 
catalyst.
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6 .6 . XPS spectra recorded in .he Fe (2p) region between various treatments, 
HgS poisoning study with an industrial iron catalyst.
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M A S S / M A S S  X H Y D R O C A R B O N S E L E C T I V I T Y
T R E A T M E N T C l 0 2 = C 2 0 3 = C 3 C & C S c a
A 3 7 . 9 3 . 3 1 7 . 3 6 , 0 1 1 . 1 u . o 6 . 8 6 . ?
B 4 6 . 7 2 . 1 2 0 . 0 3 . 9 1 2 . 4 6 . 6 4 . 4 3 . 0
C 6 3 . 2 3 . 0 1 9 . 6 2 . 7 6 . 7 0 . 3 1 . 2 3 4
D 5 1 , 5 1 . 9 2 0 . 6 2 6 1 1 6 a . i J . 1 2 . 7
Table 6.1. Mass/Mass % of hydrocarbon components detected during 
CO-hydrogenation treatments, for the H3S poisoning study with an industrial iron 
catdyst.
O L E F I N T O  P A R A F F I N R A T I O
T R E A T M E N T C 2 C 3 C 4
A 0 . 2 0 0 . 6 3 o s e
B 0 . 1 0 0.32 0.S7
. c 0 . 1 6 0  41 Qjm
D 0 . 1 0 0 . 2 6 0 .2 2
Table 6.2. Glehn to paraffin ratios during CO hydrogenation treatments, for ^ne 
H2S poisoning siudy with an industrial iron catalyst.
too
Co ^ K
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transition* from different catalyit regions, for the HaS poiioamg study with an 
industrial iron catalyst.
Conference proceedings and publications
During the course of this dissertation, some of the work has been presented at
symopsiunM and conferences. Manuscripts for publication are presently being compiled.
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